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Excess fluoride in drinking water is a serious health risk in many parts of the 
world – particularly in developing countries. Unfortunately, removing excess fluoride 
from drinking water can be costly and, as a result, beyond the capacity of many poor 
communities. The health impacts of those who consume high fluoride water over several 
years range from mild dental fluorosis, which is cosmetic, to crippling skeletal fluorosis, 
which is disabling. This research addresses the problem of dental fluorosis in an area of 
northern Ghana with pockets of high fluoride groundwater, which is the primary source 
of drinking water. It investigates the viability of using laterite collected in the study area 
and Ghanaian bauxite, for use in low-cost, small-scale fluoride adsorption filters. It also 
considers whether activated alumina would be a more appropriate sorbent, though the 
cost would be notably higher since it must be purchased and imported. The possibility of 
delivering alternative, untreated low fluoride water to fluoridic areas is evaluated as well. 
In addition to addressing the ongoing challenge of providing clean and reliable sources of 
drinking water in rural northern Ghana, this research documents the distribution of dental 
fluorosis in the study area and estimates daily fluoride intake from drinking water and 
food, in order to determine whether the World Health Organization (WHO) 
recommended limit of 1.5 mg L-1 for fluoride in drinking water is appropriate for Ghana, 
which is hot year-round and where water consumption is expected to be high. 
The laboratory results indicate that, at the pH of the local groundwater (~7) and 
equal sorbent-to-solution ratios of 6.67 g L-1, activated alumina is notably better at 
adsorbing fluoride than bauxite or laterite, and bauxite is slightly better than laterite. 
Activated alumina has the advantage of a high surface area and high fluoride adsorption 
ii 
 
at pH 6-7. Bauxite is a very good sorbent per unit area but is limited by a low surface area 
and adsorbs fluoride best at pH <6. Laterite has higher surface area than bauxite but, due 
to its mineralogy, adsorbs best at pH <4.5. The field data collected in the study area 
identified communities with high fluoride (3.1-4.5 mg L-1) and low fluoride (<0.5 mg L-1) 
groundwater. Bongo granite is the source of groundwater fluoride, and concentrations 
decrease with distance from granitic areas. The low fluoride areas may be good locations 
for collecting groundwater and piping to communities with high fluoride groundwater.  
Survey data indicate that the WHO recommended fluoride limit of 1.5 mg L-1 is 
too high for Ghana, due to high water intake. But when considering that providing low 
fluoride water is not cost-free, the WHO recommended limit is currently acceptable for 
older children and adults. However children under 6-8 years need a limit <1.0 mg L-1 
(ideally 0.6 mg L-1), and even lower in the first two years of life, since they are the most 
vulnerable to dental fluorosis. The survey results also show that only 24% of participants 
understand the cause of damaged teeth. Therefore, an aggressive long-term educational 
program is needed along with providing low fluoride water, in order to help affected 
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The World Health Organization (2011) considers access to safe drinking water 
both a public health issue and a basic human right. Microbial contamination of drinking 
water is a primary health concern worldwide, with chemicals such as arsenic, fluoride, 
nitrate, selenium, and uranium also responsible for adverse health effects due to exposure 
from drinking water (WHO, 2011). Poor drinking water quality is most pronounced in the 
developing world; and it is a particular challenge in countries where infrastructure is 
weak, funding is inadequate, and technically trained professionals are scarce. 
 In rural northern Ghana (Fig. 1.1 study area), where incomes are among the 
lowest in the country, groundwater is generally considered the most economically 
feasible source of safe drinking water. However in some areas the groundwater contains 
naturally occurring fluoride at concentrations up to three times higher than the World 
Health Organization (WHO) recommended limit of 1.5 mg L-1 for drinking water 
(Apambire et al., 1997; Apambire, 2000). Because of the health risk, many drilled 
boreholes delivering water with elevated fluoride concentrations remain closed.  But 
finding other sources of safe water in this water-stressed region is often difficult for 
reasons including poor hydrogeology, lack of resources, and logistical access.  In 
situations such as this, attaching a low-cost, simple water treatment system to a drilled 
borehole hand-pump well with high fluoride water may be a solution. Additional 






communities must also be considered in designing and implementing a water treatment 
system to ensure that it will be effectively used and maintained. 
 




 Fluorine is the most reactive and electronegative of all elements and is not found 
in its elemental form in the environment (Hem, 1985; Weinstein and Davison, 2004). In 
solution it tends to form the ion fluoride (F-), and because fluoride carries the same 
charge as hydroxide (OH-) and is close in size, the two ions frequently exchange on 
mineral structures (Hem, 1985). As a result, fluoride forms mineral complexes with 
several cations and is present in several common minerals (Fawell et al., 2006) such as 






fluoride-rich water (mostly as groundwater) is located in (1) sediments of marine origin 
(e.g. parts of the United States), (2) volcanic rocks (e.g. Rift Valley in East Africa), and 
(3) granite and gneissic rocks (e.g. West Africa including Ghana, and parts of Asia) 
(Fawell et al., 2006). Fluorite and fluorapatite, two fluoride-rich minerals that frequently 
occur in igneous and sedimentary rocks (Fawell et al., 2006), are present in the Bongo 
and Sekoti granitic rocks of northern Ghana (Apambire et al., 1997; Apambire, 2000). 
Because of its solubility, fluorite likely contributes the majority of aqueous fluoride in 
groundwater in northern Ghana (Apambire, 2000).  
Health effects from fluoride exposure 
 Drinking water is considered the main source of fluoride intake, and people living 
in hot climates with high water consumption are potentially at increased risk of exposure 
(Murray, 1986). It is widely agreed that fluoride is considered beneficial to teeth and 
bones and – like other essential nutrients – it is healthful in small amounts but damaging 
at high concentrations (Fawell et al., 2006). When consumed, 70 to 90% of fluoride is 
absorbed in the body and, due to its geochemical behavior, 99% is retained in calcium-
rich areas, such as the bones and teeth (dentine and enamel) (Fawell et al., 2006). In 
temperate climates, a fluoride concentration of 1 mg L-1 in drinking water has been 
associated with decreased dental caries (Fawell et al., 2006), but higher concentrations in 
or near developing tooth enamel can result in dental fluorosis in children (Whitford, 
1997). Dental fluorosis is an irreversible condition that causes discoloration of the teeth, 
erosion of enamel, and pitting (Whitford, 1997), and has been identified in northern 
Ghana (Apambire et al., 1997; Apambire, 2000). Concentrations above 1.5 mg L-1 are 






with skeletal fluorosis, and concentrations above 10 mg L-1 are associated with crippling 
skeletal fluorosis (WHO, 1984; WHO, 2008). Skeletal fluorosis, which affects all ages, 
has been documented in several countries including India, China, and parts of Africa 
(Fawell et al., 2006). Skeletal fluorosis can result in osteosclerosis, ligamentous and 
tendinous calcification, and bone deformity (Fawell et al., 2006).   
To protect human health, the WHO developed guidelines recommending a daily 
fluoride intake of 1.5 mg L-1 or less (WHO, 2011). The WHO findings and recommended 
values should not be considered fixed, however, but rather should be adapted to local 
conditions such as water consumption and diet (Fawell et al., 2006). It is particularly 
important to consider climate and water consumption when developing national standards 
(WHO, 1996). Although water is considered the major source of fluoride exposure, water 
consumption data are generally only available for countries in temperate regions such as 
Canada (CMNHW, 1981), the United States (Ershow and Cantor, 1989), and the United 
Kingdom (Hopkin and Ellis, 1980). In hot climates of the developing world, collecting 
representative water consumption data with which to set national standards is a challenge, 
because so many communities are rural and depend on communal hand-pump and open 
wells rather than piped water distribution systems that are more common to urban areas. 
The absence of a central water distribution system, therefore, makes data more difficult to 
collect. 
The effects of high fluoride intake are evident from results of dental surveys 
conducted in portions of northern Ghana that showed, of 2,111 children examined, 78.7% 
had some form of dental fluorosis (Fig. 1.2), with about 8% suffering from severe dental 






but estimated it at about 3-4 L day-1, due to year-round hot conditions. Based on this 
estimate, Apambire (2000) recommended a maximum fluoride concentration in drinking 
water of 0.4-0.6 mg L-1 for the communities within the study area, which is less than half 
of the WHO guideline. 
 
Fig. 1.2. Children with dental fluorosis Bongo District, Upper East Region, Ghana (Atipoka, 2009). 
 
Fluoride removal from drinking water 
 Controlling excess fluoride in drinking water is difficult where advanced de-
fluoridation techniques are unavailable (Fawell et al., 2006). Under these conditions, if 
another source of drinking water exists, then the recommendation usually is to close the 
contaminated hand-pump well and find another source. In cases where a safe alternative 
source is not available, which is frequently true in northern Ghana (CWSA-CIDA, 2005), 
a simple de-fluoridation system coupled with a maintenance program may be needed. In 
communities with limited resources, the most promising de-fluoridation methods are 
adsorption, co-precipitation, or contact precipitation (Fawell et al., 2006). Adsorption 






synthesized sorbents such as iron oxide (Streat et al., 2008a and 2008b) and 
hydroxyapatite (Verwilghen et al., 2006; MacDonald et al., 2011). Co-precipitation 
techniques, such as Nalgonda which was developed in India, utilize aluminum sulfate and 
lime to remove fluoride; and calcium and phosphate compounds are common filter media 
for contact precipitation (Fawell et al., 2006).   
Several fluoride removal techniques have been tested in parts of rural Africa, but 
the preferred method under most conditions has been adsorption using indigenous 
materials (Zevenbergen et al., 1996; Mjengera and Mkongo, 2003). The most promising 
local adsorption material to date in northern Ghana appears to be laterite (Cumberbatch et 
al., 2008) or, specifically, its most aluminum rich ore, bauxite (Ayamsegna et al., 2008). 
Activated alumina has also proven a very effective sorbent for fluoride removal (Hao and 
Huang, 1986; Farrah et al., 1987; Fletcher et al., 2006), but it must be purchased and 
imported to Ghana. An example of a fluoride adsorption filter attached to a hand-pump 
well is presented in Fig. 1.3. 
 








 The objectives of this research are to address the problem of dental fluorosis in 
the Bongo District of the Upper East Region of Ghana, which is caused by the intake of 
high fluoride groundwater. The specific objectives are to: 
 Assess local hydrogeology, hydrogeochemistry, and distribution of groundwater 
fluoride in Namoo, Bongo District, Upper East Region, Ghana. 
 Quantify daily water consumption, and identify the distribution of dental fluorosis 
and its correlation to groundwater fluoride concentrations in drinking water. 
 Evaluate the effectiveness of indigenous laterite and bauxite as fluoride 
adsorption media, and compare them to activated alumina as a fluoride sorbent. 
 Evaluate the effectiveness of activated alumina as a fluoride adsorbent under 
varied initial conditions. 
Research approach 
Assess hydrogeology and hydrogeochemistry in northern Ghana study area of Namoo 
 
 Field data were collected to get baseline information on the hydrogeology and 
hydrogeochemistry of the study area, and to document the range and distribution of 
groundwater fluoride concentrations. The locations of wells and their elevations were 
marked using a global positioning system (GPS). Seasonal water levels were measured 
manually using water level tape to determine the direction of groundwater flow; and a 
water level-logger was installed in two closed boreholes to document seasonal changes in 






concentrations, major ions, pH, conductivity, and dissolved oxygen. The location of 
outcrops of Bongo granite was also documented with samples collected for x-ray 
diffraction and x-ray fluorescence analysis to identify its mineralogy and confirm that it 
is the source of groundwater fluoride. 
Quantify daily water consumption, and identify the distribution of dental fluorosis and 
correlated groundwater fluoride concentrations in drinking water 
 
 The second component of the field research in the study area was to estimate the 
level of exposure to fluoride from drinking water, and correlate fluoride concentrations in 
drinking water to the distribution and severity of dental fluorosis. Three sets of house-to-
house surveys were conducted to estimate household size, identify household water 
sources, document the daily diet, identify cases of dental fluorosis, and assess the level of 
understanding of the cause of discolored and damaged teeth (dental fluorosis). To 
estimate the level of fluoride exposure from drinking water, the daily water consumption 
of 27 individuals from ages 5 to about 70 years was monitored over several days. The 
data were used to recommend limits of fluoride in drinking water, and to better 
understand the correlation between fluoride concentration in drinking water and the 
distribution of dental fluorosis in children and adults. 
Evaluate the effectiveness of indigenous laterite and bauxite as fluoride adsorption 
media, and compare to activated alumina as a fluoride sorbent 
 
 The third component of this research focused on evaluating the simple, low-cost 
method of adsorption for removing excess fluoride from drinking water. In this chapter 
two indigenous sorbents were evaluated as potential low-cost sorbents for use in de-
fluoridation filters.  One was laterite which was collected in the study area, and the other 






capacity was also compared to that of activated alumina which is well established as an 
effective sorbent for fluoride removal from water (Hao and Huang, 1986; Farrah et al., 
1987; Fletcher et al., 2006).  
 The physical and chemical properties of the three sorbents were determined using 
several methods. The pH dependent surface charge was determined by conducting fast 
acid-base titrations (5-10 minute stabilization time between titrant additions). The surface 
area was determined by the Brunauer, Emmett, Teller (BET) method (Brunauer, et al., 
1938; Lowell and Shields, 1991), and pore area and volume by the Barrett, Joyner, 
Halenda (BJH) method (Barrett et al., 1951; Lowell and Shields, 1991). Microporosity (< 
2 nm) of each sorbent was determined by creating t-plots (Gregg and Sing, 1982; Hay et 
al., 2011), and the mineralogy was identified using both x-ray diffraction and x-ray 
fluorescence. 
 To evaluate the fluoride adsorption capacity, batch adsorption experiments were 
conducted on each sorbent. One set of experiments evaluated fluoride adsorption at an 
initial fluoride concentration of 10 mg L-1 and varied pH at three ionic strengths. The 
other set of experiments evaluated fluoride adsorption at neutral pH, one ionic strength 
and varied fluoride concentrations. Freundlich and Langmuir isotherms were used to 
estimate the macroscopic distribution of fluoride between solution and sorbent under 
assumed equilibrium conditions. To identify the adsorption reactions occurring on each 
sorbent, the generalized two-layer surface complexation model (Dzombak and Morel, 







Evaluate the effectiveness of activated alumina as a fluoride adsorbent under varied 
initial conditions 
 
 The goal of the fourth component of this research was to evaluate the adsorption 
capacity of activated alumina under varied initial conditions to help determine whether it 
changes with extended hydration and at varied grain sizes. This work included laboratory 
experiments to assess pH dependent surface charge and fluoride adsorption capacity of 
activated alumina at a range of prior hydration periods (24 hours up to 16 or 30 weeks in 
deionized water). The physical and chemical properties were determined as described in 
the previous section, except that the acid-base titrations were much slower, allowing the 
titrant to equilibrate overnight before taking a pH reading.  
To evaluate fluoride adsorption capacity, batch adsorption experiments were 
conducted at near neutral pH, constant ionic strength and varied fluoride concentrations. 
To identify the adsorption reactions occurring on each sorbent, the generalized two-layer 
surface complexation model (Dzombak and Morel, 1990) in the PHREEC program was 
used (Parkhurst and Appelo, 1999). Batch adsorption experiments were also conducted at 
near neutral pH, one ionic strength, and initial fluoride concentration of 10 mg L-1 to 
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THE HYDROGEOLOGY AND HYDROGEOCHEMISTRY OF A FLUORIDIC 
AREA IN THE UPPER EAST REGION OF GHANA 
 







































Groundwater in the Upper East Region of Ghana contains naturally occurring fluoride 
due to the dissolution of minerals in the local granite. Groundwater is the primary source 
of drinking water in the region and in many communities the fluoride concentrations are 
high enough to cause dental fluorosis. This study evaluates the hydrogeology and 
hydrogeochemistry in an area with groundwater fluoride concentrations ranging from 0.2 
to 4.6 mg L-1. The results show that the higher elevation recharge areas, with outcrops of 
Bongo granite, have elevated concentrations of fluoride in the groundwater, posing the 
highest risk of fluorosis in the nearby communities. The lower elevation areas, which are 
the farthest from the granitic area, have the lowest groundwater fluoride (<0.5 mg L-1) 
and the lowest risk of fluorosis. The lower elevation communities are also the optimum 
locations to install boreholes, or use existing boreholes for piping low fluoride 
groundwater to the higher fluoride areas. Although the initial costs of developing a water 
system would be high, this is a potentially viable option for providing low fluoride water 















 The Upper East Region of Ghana is semi-arid, poor, and primarily rural with most 
residents working as subsistence farmers. The majority of households rely on 
groundwater collected from drilled boreholes with hand-pumps or hand-dug open wells 
for their domestic water. Groundwater is generally considered a safe and economical 
source of drinking water, but there are pockets in the Upper East Region where the 
groundwater contains concentrations of naturally occurring fluoride well above the World 
Health Organization recommended limit of 1.5 mg L-1 (WHO, 2011). The source of 
groundwater fluoride is Bongo granite (Apambire, 1996; Apambire et al., 1997; 
Apambire, 2000); and the result of consuming high fluoride groundwater is an increase in 
cases of dental fluorosis (Apambire, 1996; Apambire et al., 1997; Apambire, 2000), as 
well as an increased risk of skeletal fluorosis. Due to the health risks of drinking high 
fluoride water, many drilled boreholes remain closed because the fluoride in these wells 
exceeds 1.5 mg L-1. 
 This study focuses on the Namoo electoral area in the Bongo District of the Upper 
East Region of Ghana, which borders Burkina Faso. The objective of this study is to 
characterize the hydrogeology, geochemistry, and groundwater chemistry of Namoo to 
better understand the distribution of groundwater fluoride, and to identify conditions that 
may influence its concentration. The results of this study will also help identify areas 
with low fluoride groundwater to target for well drilling, which would save money on 
drilling costs and provide additional sources of low fluoride drinking water in a very 








Fig. 2.1. The location of the Bongo District in the Upper East Region of Ghana. The community of Namoo 
is an electoral area within the Bongo District. 
 
2. Materials and Methods 
2.1. Study area characterization: hydrogeology and climate 
The study area of Namoo is in the Bongo District, Upper East Region of Ghana 
(Fig. 2.1), and was chosen because of the ongoing problem of dental fluorosis from 
consuming fluoride-rich groundwater (Apambire et al., 1997; Apambire, 2000, Atipoka, 
2009). To map the location and elevation of wells in the study area, hand-dug open wells 
(Fig. 2.2a-c) and drilled borehole hand-pump wells (Fig. 2.2d) were identified and 
marked with a Garmin eTrex Vista® global positioning system (GPS). Obtaining accurate 
elevation measurements from hand-held GPS devices is difficult, so to minimize the 
relative error, all of the elevation readings were recorded in a single day with a clear sky 
and maximum satellite strength. All elevations are shown as meters above sea level. 
Water level in the wells was measured once manually during the wet season (September 






measurements were taken in the closed boreholes (not in use = no hand-pumps) in 
November 2011. Depth to the bottom of hand-dug open wells (open wells) was 
determined by lowering a weighted rope to the bottom of each well. To continuously 
monitor changes in groundwater levels, Schlumberger Diver® water level-loggers were 
installed in two closed boreholes with a barometric pressure logger also located in the 
study area. Each Schlumberger Diver® recorded pressure every 30 minutes: one from 
April-October and the other from April-December 2013. Beginning in late July 2012, 
seasonal variation in the climate was monitored by installing a Decagon® weather station 
to record air temperature, relative humidity, wind speed, solar radiation, and precipitation 
every 30 minutes. Pumping rates were also collected for 13 drilled boreholes with hand-
pumps (hand-pump wells) in the Bongo District.  
 
 
Fig. 2.2. Photographs of (a) mostly covered hand-dug open well, (a) completely uncovered hand-dug open 
well, (c) completely covered hand-dug open well, and (d) drilled borehole with hand-pumps. A closed 









2.2. Groundwater chemistry 
 
Water samples were collected from 40 open wells and 17 hand-pump wells 
(including closed wells) in the study area during the late wet (September), late dry 
(April), and shoulder (October-November) seasons and analyzed for fluoride 
concentrations. Hand-pump wells were pumped for several minutes before collecting 
samples and were usually in use by community members which further purges the well. 
As a result, the samples collected from these wells provide a consistently accurate 
representation of the groundwater chemistry. Open wells were used regularly and their 
samples provide an accurate representation of the chemistry of the water being 
consumed.  
2.2.1. Field analyses: fluoride, conductivity, temperature, pH, alkalinity, dissolved 
oxygen 
 
The water samples were collected in Nalgene© polypropylene copolymer 
centrifuge tubes. They were analyzed the same day for fluoride using an Orion 4-star 
meter and fluoride ion selective electrode, with TISAB III added to the sample just before 
analysis (APHA, 1998). The fluoride ion selective electrode was calibrated by creating 
calibration curves using 1 and 10 mg F- L-1 standards or 0.1 and 1 mg F- L-1 standards, 
depending upon the concentration of the sample, with the electrode calibrated every eight 
to ten samples to maintain an accuracy within 5%. The accuracy of the calibration curve 
was also checked with 5 mg F- L-1 standard for the higher range calibration curve, and 0.5 
mg F- L-1 for the lower range calibration curve. The majority of samples, including those 
from all hand-pump wells and open wells with fluoride concentrations above 2.5 mg L-1, 






fluoride ion selective electrode. The repeat analysis was done to confirm accuracy within 
5%.  The pH was measured immediately upon collection using a gel-filled Ag/AgCl pH 
electrode attached to an Orion 4-star meter. The conductivity and temperature were also 
measured immediately upon collection using an Oakton® conductivity meter, as was 
dissolved oxygen using a YSI 55 dissolved oxygen meter. Alkalinity was measured the 
day of collection using a Hach© field alkalinity kit. 
2.2.2. Laboratory analyses: major ions 
 Seventeen hand-pump and 34 open well samples collected during the wet and dry 
seasons were also analyzed for major ions. These samples were filtered in the field with a 
0.45 µm filter and collected in two 30 ml Nalgene© bottles. One bottle was for major 
anion analysis and the other for major cation analysis. The anion samples were kept 
frozen, or refrigerated, and were analyzed within 28 days of collection. The cation 
samples were acidified to pH <2 with concentrated HNO3 after filtration. All major ion 
analyses were conducted in a USEPA Certified laboratory. Analysis of chloride (Cl-), 
nitrate (NO3
-), and sulfate (SO4
2-) were conducted using a Dionex© Model ICS 2000 ion 
chromatograph, and analysis of sodium (Na+), calcium (Ca2+), potassium (K+), and 
magnesium (Mg2+) were conducted using a Thermo Elemental SOLAAR M5 atomic 
adsorption spectrometer.  
2.3. X-ray diffraction and x-ray fluorescence analyses of Bongo granite 
Samples of Bongo granite were collected at the ground surface from three 
locations in the study area with high fluoride groundwater. These samples were analyzed 
using x-ray diffraction (XRD) and x-ray fluorescence (XRF). Each bulk sample was 






and then grinding to a powder in a McCrone mill for 8 minutes in 10 ml of methanol. The 
samples were then air dried overnight, gently re-crushed in a pestle and mortar to break 
up aggregates formed during drying and side-loaded into a sample holder. The resulting 
XRD scans were viewed and interpreted using Bruker XRD data evaluation software 
called EVA, with background corrections performed before interpretation. Minerals were 
identified by matching reference mineral patterns stored in the ICDD (International 
Centre for Diffraction Data) database to the observed peaks.  
X-ray fluorescence analyses were conducted with a Rigaku Primus II wavelength 
dispersive spectrometer (WDXRF) that is capable of detecting elements from atomic 
number (Z) 4 (beryllium) through atomic number 92 (uranium) at concentrations from the 
low parts per million (ppm) range up to 100% by weight. Quantification was performed 
using the Fundamental Parameters (FP) standard-less quantification software associated 
with the system. The relative accuracy usually ranges from better than 5% up to ~20% for 
major elements.   
3. Results 
3.1. Study area characterization: hydrogeology and climate 
 The average maximum and minimum air temperatures for the study area were 
recorded from August 2012 to September 2013, and the total monthly precipitation from 
August 2012 through December 2013 (Fig. 2.3).The total precipitation for 2013 was 
about 84 cm, from early March through October; and August 2012 through July 2013 had 
100 cm of precipitation. The highest monthly rainfall occurred in September 2012 (32 
cm) and August 2013 (25 cm). The average, standard deviation, minimum, maximum, 






are presented in Table 2.1. The solar radiation values presented in Table 2.1 include only 
the non-zero readings within the 12 hours of daylight from 6:30-7:00 am to 6:30-7:00 
pm, with data collected for just three months due to equipment malfunction. The data 
collected indicate that the highest daily solar radiation was usually about 1:00-2:00 pm, 
and the highest daily air temperatures were around 3:00-4:00 pm. March usually had the 
highest air temperatures. The lowest air temperatures were December-January, the lowest 
relative humidity was December-February, and the strongest winds were January-
February. This period is the Harmattan season, which is characterized by low-humidity 
and northeasterly trade winds. 
 
Fig. 2.3. The average monthly maximum and minimum air temperatures and total monthly precipitation in 
Namoo from mid-2012 to late 2013. Total precipitation for 2013 was about 84 cm.  
 
Table 2.1. Climate parameters relative humidity (RH), air temperature (T), wind speed, solar energy 
measured in Namoo. Values presented are the daily maximum (max), minimum (min), average (avg), 
standard deviation (std dev), and median (med) values. 
Parameter       Dates Avg Std Dev Min Max Med 
RH 7/27/12-9/25/13 0.59 0.30 0.01 1.0 0.62 
T (oC) 7/27/12-9/25/13 29.0 6.8 16.0 43.1 27.9 
Wind (m s-1) 7/27/12-1/29/14 0.6 0.9 0.0 9.6 1.0 
Solar (W m-2)a 7/27/12-10/24/12 397.3 280.7 1.8 1076.7 376.3 































































































































The elevation contours, location of granitic areas, and location of high, moderate, 
and low fluoride wells are presented in Fig. 2.4. The wet and dry season water level 
contours are presented in Fig. 2.5 using water levels measured from the same wells 
during each season. The groundwater flow lines mirror elevation for the most part, which 
is consistent with Martin (2006) interpretations, and the groundwater flow direction is 
nearly identical in dry and wet seasons. Groundwater flow is radially away from the 
highest elevation recharge area in the northwest part of the study area. Most of the 
groundwater flows to the east toward an ephemeral stream located just outside of Namoo.  
 
Fig. 2.4. A contour elevation map of Namoo and assumed groundwater flow  direction (arrows) based on 
elevation, the location of high, moderate, and low fluoride wells (colored circles), Bongo granite (mesh 
filled polygons), primary schools (buildings), and the eight communities of Done, Tendongo, Nayire, 
Koom, Abungo, Abasikoma, Akaamo, and Awale. The Bongo granite is in the areas of Done, Tendongo, 








Fig. 2.5. Contours based on measured groundwater levels in (a) dry and (b) wet season with direction of 
groundwater flow (arrows) generally from high to low elevation. The brown circles are the location of 










The study area contains eight communities: Done, Abungo, Tendongo, Nayire, 
Akaamo, Abasikoma, Koom, and Awale (Fig. 2.4). Two primary schools are shown in 
Fig 2.4, with two junior high schools located within 100 m of the primary schools.   
Done in the northwest part of the study is the highest elevation community and is the 
location of most of the Bongo granite. This area is also where elevated groundwater 
fluoride is most concentrated, with groundwater fluoride concentrations decreasing in the 
direction of groundwater flow and with distance from the granitic area. Groundwater 
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Fig. 2.6. The depth to groundwater and well depth from ground surface in the late wet (September 2012) 
and dry (April 2013) seasons in 25 open wells, separated by community. 
 
In Fig. 2.6, the seasonal changes in groundwater levels and depth to the bottom of 
25 open wells is presented. The late dry season measurements were taken in April of 
2013 and the late wet season measurements were taken in September 2012. The wells 
with very high wet season water levels fluctuate the most, while those with deeper wet 






also have measurable decreases of water levels. During this study, the water level in the 
open wells never dropped below the well depth. Table 2.2 presents the average, 
maximum, minimum, and median water levels and well depth for most of the hand-dug 
wells in the eight communities.  
Table 2.2. Open well measurements for well depth and depth to groundwater (GW) for late wet (September 
2012) and late dry (April 2013) seasons. 
Depth (m) Avg Std Dvn Na   Min Max Med 
To GW September     2.9 2.3    31   0.1   8.2 2.9 
To GW April     6.2 1.7    31   2.8 10.6 5.8 
Well Depth     7.8 1.8    30       4.4 11.3 7.4 
aNumber of wells used in the calculations. 
 
Table 2.3. The manually measured depth to groundwater for six closed boreholes and approximate 
elevation. The water level measurements were taken before the hand-pumps were installed in each 
borehole, after which point no more measurements were taken (X = no measurement). 
 
Community 
  Elev  
   (m)           
November 2011 







Done upper    261 5.3 5.6 8.0 5.1 (28th)a 
Done lower    253 2.2 X X X 
Done lower    249 1.6 0.6 3.2 0.5 (1st)a 
Tendongo    248 7.6 X X X 
Nayire    250 10.8 11.4 X X 
Koom    232 5.1 X X X 
aThe highest measured water level for 2013, presented in Fig. 7, with the peak one month apart for two 
Done wells, showing the approximate day in parentheses. 
 
Measuring groundwater levels in the hand-pump wells was not possible because 
they were in use. However, Table 2.3 presents manual measurements taken from closed 
wells (before hand-pumps installed). The closed wells with water levels closest to the 
surface are in the Done community (249 and 253 m), and with the lowest water level 
relative to the surface is in Nayire (250 m). Fig. 2.7 shows water level measurements 
recorded every two hours in 2013 for two of the closed wells in Done. The closed well at 
elevation 249 m (lower Done) with a water level close to the land surface has its lowest 
level in April, its highest in late August, and responds quickly to precipitation. The higher 
elevation closed well in upper Done (261 m) is more delayed in its response to 






seasonal fluctuation in groundwater of 3.2 m measured from the Done 261 m elevation 
closed well is also greater than the seasonal fluctuation of 2.7 m at 249 m elevation 
measured in lower Done. 
Fig. 2.7. Monthly total precipitation for 2013 and groundwater level measured and recorded every two 
hours between April and October or December 2013 in two drilled boreholes before installing hand-pumps. 
Both are located in the community of Done, with one at high elevation (261 m) and the other in the lower 
elevation part of Done (249 m). The lower Done well with groundwater level closer to land surface has its 
lowest water level in April and highest in late August. The higher elevation upper Done well with a 
groundwater level measured at ~ 6-9 m lower than land surface has its lowest water level in July and 
highest in late September. The latter well responds more slowly to precipitation input and has greater 
seasonal groundwater fluctuation. 
 
3.2. Groundwater chemistry 
3.2.1. Field analyses: fluoride, conductivity, temperature, pH, alkalinity, dissolved 
oxygen 
 
Groundwater samples were collected and analyzed for 17 hand-pump and 40 open 
wells. Samples were collected in the late shoulder (October-November 2011), Wet 
(September 2012), and dry (April 2013) seasons. The results of fluoride (F-) 
concentrations in hand-pump wells (including closed wells) are presented in Table 2.4, 









































WL Elev 249 m













Land surface upper Done well @ 261 m






Table 2.4. The fluoride (F-) concentrations of drilled wells in the Namoo study area, including the 
approximate year the well (and hand-pump) was installed. The first drilled wells were installed in the 1970s 
but the year is not certain. Samples were collected for the wet, dry, and shoulder seasons. Highlighted 
values have average fluoride concentrations above the WHO (2011) recommended limit of 1.5 mg L-1. 
 
No. 
        Shoulder 
F- mg L-1 
             Wet 
F- mg L-1  
            Dry 
F- mg L-1 
Avg 
 F- mg L-1 
   Year 
Installed 
1 0.7 0.6   0.6 0.6  1970s 
2 3.0  2.9   2.8  2.9  1970s 
3                1.5 1.6   1.6  1.6  1970s 
4              2.6 2.6   2.5  2.6  1970s 
5              1.5 1.6  1.6   1.6  1999 
6 0.7 0.9   0.5   0.7  2005 
7 2.2 2.1   2.1   2.1  2005 
8 1.5                1.7  1.5  1.6  2005 
9 4.6                 3.7  4.5   4.3  2008 
10 1.0 0.7  1.0  0.9  2010 
11 no sample                1.9  2.0  2.0 2011 
12       closed [2.3] 2.8 2.9  2.9  2011 
13       closed [0.7] 2.4 2.5  2.4  2011 
14       closed [3.6]                3.3 3.5  3.4  2012 
15       closed [5.6]       closed [5.0] 4.5          4.5  2012 
16       closed [3.7]       closed [3.5]      closed [3.4]  3.5b 2013 
17       closed [3.7]       closed [3.0]      closed [3.8]  3.4b 2013 
bThese wells were closed during the scheduled sampling periods so the samples collected may have 
incorrect fluoride concentration because the sample water was not from a flushed/regularly used well. They 
were opened in late 2013. 
 
All wells are listed chronologically by the year installed. The fluoride concentrations 
measured in the closed wells are less reliable because the water was stagnant; therefore, 
those concentrations are not considered representative and are only used in determining 
the average concentration if there is no measurement from a borehole with the hand-
pump installed (these are wells 16 and 17 in Table 2.4). However, they are both within 50 
m of well 14 which was opened in 2012 and has similar fluoride concentrations. The 
highest groundwater fluoride concentrations are usually in the deeper hand-pump wells. 
Four of the five drilled boreholes with fluoride above 3.0 mg L-1 had hand-pumps 
installed in 2012 and 2013, and were subsequently open for public use. Hand-pump wells 
with the highest fluoride concentrations are in or adjacent to the granitic area (Fig 2.4). 
The only well that showed much seasonal change in fluoride, ranging from 3.7-4.6 mg L-






available for this well to determine the well depth, the depth to water, and the lithology. 
Of the 17 hand-pump wells, only three have average fluoride concentrations at or below 
the WHO recommended limit of 1.5 mg L-1 (WHO, 2011). 
Table 2.5. The fluoride (F-) concentrations of open wells installed in the study area, with the year installed 
if known. Samples were collected for the wet, dry, and shoulder seasons. Highlighted values have average 
fluoride concentrations above the WHO (2011) recommended limit of 1.5 mg L-1. 
 
No. 
    Shoulder 
F- mg L-1  
        Wet 
F- mg L-1  
          Dry 
F- mg L-1  
Average 
F- mg L-1   
         Year 
Installed 
1  2.7             2.7   3.8  3.1  no date 
2  0.5  0.3   3.5  1.4  no date 
3 no sample 0.4  1.0  0.7  no date 
4 1.8  1.7  1.6  1.7  no date 
5 no sample 1.3  1.1  1.2  no date 
6 no sample no sample 1.2  1.2  no date 
7 0.5  0.4  0.6  0.5  no date 
8 no sample no sample 0.8  0.8  no date 
9 no sample 0.4  no sample 0.8  no date 
10 0.4  0.5  0.3  0.4  1993 
11 1.8  1.7  1.6  1.7  1994 
12 1.5  2.7  1.8  2.0  1994 
13 0.5  0.4               0.8  0.6  1994 
14 0.6  0.7  no sample 0.7  1995 
15 0.4  0.3  0.5  0.4  1996 
16 0.4  0.2  0.6  0.4  1997 
17 0.9  0.6  0.8  0.8  1998 
18 0.5  0.5  0.5  0.5  2003 
19 0.6  0.6  3.8  1.7  2004 
20 0.4  0.3  0.4  0.4  2004 
21 1.6  0.5  1.4  1.2  2004 
22 0.7  0.2  0.5  0.5  2004 
23 0.6  0.2  0.7 0.5  2004 
24 1.0  0.6  1.0  0.9  2004 
25 1.7  1.7  1.8  1.7  2004 
26 0.5  0.5  1.5  0.8  2004 
27 no sample no sample 0.8  0.8  2004 
28 no sample no sample 1.2  1.2  2004 
29 1.1  0.7  1.0  0.9  2004 
30 0.4  0.4  no sample 0.4  2004 
31 0.6  0.5  0.6  0.5  2006 
32 2.4  2.5  2.4  2.4  2006 
33 0.7  0.8  0.8  0.8  2006 
34 0.4  0.4  0.6  0.5  2007 
35 1.5  1.3  1.5  1.4  2007 
36 no sample no sample             1.2  1.2   2007 
37 2.4  2.5  2.3  2.4  2007 
38 0.3  0.2  0.3  0.3  2008 
39 2.7  2.6  2.5 2.6  2008 







Table 2.5 presents the seasonal fluoride concentrations for 40 open wells in Namoo. The 
open wells, which are shallower than the hand-pump wells, generally have lower fluoride 
concentrations and more seasonal fluctuation. Just one open well has an average value 
above 3.0 mg L-1, although most of the year it is 2.7 mg L-1, and 9 of the 40 open wells 
have fluoride concentrations above the WHO recommended limit (WHO, 2011). Most of 
the highest fluoride open wells are in Done and Koom, with a few moderately high 
fluoride wells in the Akaamo (Fig. 2.4).  
The pH, alkalinity as bicarbonate (HCO3
-), and conductivity are presented in 
Table 2.6 for the hand-pump wells and in Table 2.7 for open wells, using wet and dry 
season data only. The average, minimum, maximum, and median values are presented at 
the bottom of each table. The temperature and dissolved oxygen are not included in the 
table, but the values did not vary dramatically. The groundwater temperature for all wells 
averaged 30.1 oC (std dvn = 0.9), and the dissolved oxygen averaged 4.3 mg L-1 (std dvn 
= 0.9). Silica concentrations collected in 2010 from 10 hand-pump wells in the Bongo 
district (including Namoo) ranged from 60-86 mg L-1 with an average of 76 mg L-1.  
3.2.2. Laboratory analyses: major ions  
Major anions and cations were analyzed for groundwater samples collected in the 
late wet (September) and dry (April) seasons for hand-pump wells (Table 2.6) and open 
wells (Table 2.7). The average, minimum, maximum, and median values are listed in the 
bottom rows of each table. The fluoride concentrations presented in Tables 2.6 and 2.7 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.2.3. Comparing water chemistry parameters using Spearman correlation coefficients 
The correlation between the concentration of various water chemistry parameters 
and fluoride concentrations presented in Table 2.8 were calculated in GraphPad Prism 
using the Spearman correlation coefficient (r) from -1 to +1, and the corresponding p 
value. A negative r value indicates an inverse correlation while a positive r value 
indicates a direct correlation. The closer the r value is to -1 or +1, the stronger the 
correlation. The size of the p value strengthens or weakens the statistical significance of 
the correlation. Using a 95% confidence interval, a maximum p value of 0.05 indicates 
statistical significance (as opposed to random sampling), and a value greater than 0.05 
indicates no statistical significance. The results presented in Table 2.8 show no 
correlation between each water chemistry parameter and the fluoride concentration with 
the exception of magnesium which has a direct correlation. There are also statistically 
significant direct correlations between nitrate and chloride, and between bicarbonate and 
calcium (Table 2.8). See Helsel and Hirsch (2002) for description of Spearman method of 
statistical analyses. 
Table 2.8. Spearman correlation coefficients (r) from -1 to 1, and p value to determine statistical strength 
of the correlation (95%) between the concentrations of two ions in groundwater. A negative r value 
 indicates an inverse correlation and a positive r value a direct correlation. A p value >0.05 indicates that 
the correlation is not real.  
Ions Compared r p Correlation 
SO42- vs. F- -0.248 0.079 none 
pH vs. F- -0.175 0.219 none 
NO32- vs. F-  0.176 0.218 none 
Ca2+ vs. F- -0.145 0.311 none 
HCO3- vs. F- -0.052 0.723 none 
Cl- vs. F- -0.104 0.470 none 
K+ vs. F-             -0.231 0.104 none 
Na+ vs. F- -0.107 0.455 none 
Mg2+ vs. F-  0.371 0.007 direct 
NO32- vs. Cl-   0.421 0.002 direct 







3.3. X-ray diffraction and x-ray fluorescence analyses of Bongo granite 
 The XRF results are presented in Table 2.9 and XRD results in Table 2.10. The 
XRD results show that all samples are mostly quartz and feldspar: plagioclase (albite) 
and alkali (microcline), with minor amphibole and calcite. Sample 3 also has minor 
biotite.  Similarly, the XRF results presented show that the three granite samples are 
mostly alumino-silicate by weight, followed by potassium (in microcline and mica) and 
sodium (in albite). All three samples contain a small amount of fluorine. Granite sample 1 
has 800 mg kg-1 fluorine and the other two granite samples have 1400 mg kg-1 fluorine. 
The fluorine levels in the three granite samples collected in this study are consistent with 
the fluorine in Bongo granite presented in Apambire et al. (1997), which averaged 792 
mg kg-1 fluorine and ranged from 200-2000 mg kg-1 (n = 12). 
Table 2.9. XRF analyses of Bongo granite collected in three locations in the study area, where groundwater 
fluoride concentrations are high. 
 Weight % Weight % Weight % mg kg-1 mg kg-1 mg kg-1 
Elementa Granite 1 Granite 2 Granite 3 Granite 1 Granite 2 Granite 3 
O 51.8 50.9 50.7 518000 509000 507000 
Si 31.1 28.9 27.9 311000 289000 279000 
Al 7.29 8.27 8.09 72900 82700 80900 
K 3.26 4.36 4.65 32600 43600 46500 
Na 3.74 3.4 3.12 37400 34000 31200 
Fe 0.95 1.7 2.31 9500 17000 23100 
Ca 1.09 1.09 1.46 10900 10900 14600 
Mg 0.24 0.35 0.5 2400 3500 5000 
Ti 0.11 0.3 0.39 1100 3000 3900 
Sr 0.96 0.15 0.17 960 1500 1700 
Ba 0.12 0.17 0.2 1200 1700 2000 
F 0.08 0.14 0.14 800 1400 1400 
P 0.054 0.093 0.176 540 930 1760 
Mn 0.024 0.033 0.047 240 330 470 
Rb 0.02 0.027 0.022 200 270 220 
Zr 0.017 0.023 0.031 170 230 310 
Ce 0.016 0.01 0.012 160 100 120 
S 0.019 0.005 0.004 190 50 40 
La 0.01 0.005 0.007 100 50 70 
Total % 100.0 99.9 99.9 -- -- -- 








Table 2.10. XRD analyses of Bongo granite collected in three locations in the study area, where 




    
Quartz 
[α-SiO2] 












               Micac  
             (Biotite) 
[K(Mg,Fe)3(Al,Si3O10)(OH)2] 
 1 19.9% 52.2% 21.7% 5% 1.2% - 
 2 33.7% 50.4% 14% 0.9%  1% - 
 3 28% 51.7% 16.4% 1.1% 1.2 % 1.6 % 
aFeldspar; bexample of an amphibole, which can also contain Ca, K, Na; cminerals that may contain 
fluorine. 
 
 4. Discussion  
4.1. Geology and hydrogeology 
 The geology of Namoo has two main types of underlying rock (Fig. 2.8). One is a 
K-feldspar-rich granitoid, which is mainly Bongo granite and monzonite (2097 +/- 2 Ma). 
The Bongo granite is represented by the light pink portion on the left side of Fig. 2.8, and 
is part of the Eburnean Plutonic suite (Geological Map of Ghana (2009), from Murray, 
1960, Geological Survey Department of Ghana). In Fig. 2.4 it is the area comprising 
Done, Tendongo, and Nayire with outcrops of Bongo granite shown in Fig. 2.4 on the 
left. The other underlying rock type, which is represented by the dark pink on the right 
side of Fig. 2.8, is hornblende-biotite tonalite, minor granodiorite, minor quartz, and 
minor diorite (2134 +/- 1 Ma). It is part of the Tamnean Plutonic suite (Geological Map 
of Ghana (2009), from Murray, 1960, Geological Survey Department of Ghana). In Fig. 
2.4 this area comprises Akaamo, Abasikoma, and Awale. The communities of Koom and 
Abungo, and even parts of Akaamo, likely start at the edge of the transition from 
Eburnean Plutonic suite (Bongo granite area) into The Tamnean Plutonic suite (Fig. 2.4 
and 2.8). 
 The portion of the study area underlain by, and containing outcrops of, Bongo 






granite contains biotite (sample 3 only) and amphibole (see Table 2.10), both of which 
can contain fluorine (Boyle, 1976). The most important minerals generally affecting 
aqueous fluoride concentrations are fluorite (CaF2), apatite (Ca10(PO4)6 (F, OH, Cl)2), 
micas (e.g. biotite), amphiboles (see Table 2.10), and villiaumite (NaF) – but especially 
fluorite due to its higher solubility than the other minerals (Apambire, 1996; Apambire et 
a., 1997). Bongo granite analyzed by Murray (1960) contained the same minerals as the 
samples presented in Table 2.10, except calcite, and also included trace accessory 
fluorine (Table 2.9). In addition, 25 thin sections of Bongo granite collected by Apambire 
(2000) summarized the mineralogy as follows: quartz 4-30%, microcline 22-75%, 
plagioclase 3-40%, with more variable biotite and horneblende. Low concentrations of 
fluorite at 0.1-0.2% and apatite at 0.1-1% were also identified in the thin sections.  
 
Fig. 2.8. Major geology on the study area of Namoo (red box), Bongo District, Upper East Region, Ghana. 
Two distinct underlying rock types exist: gskf (2097 +/- 2 Ma) = k-feldspar-rich granitoid mainly Bongo 
granite and monzonite, and tmht (2134 +/- 1 Ma) = hornblende-biotite tonalite, minor granodiorite, minor 
quartz diorite. From Geological Map of Ghana (2009), modified from Murray (1960), Geological Survey 
Department of Ghana. 
                                          Legend 
       Geologic map of Upper East Region, Ghana 
Bongo: Bongo District capital 
Bolgatanga: regional capital 
Red box: study area, Namoo 
Gray lines: roads 
Dark blue lines: rivers/streams 
Black straight line: fault (in gskf) 
Green (bvm): basaltic flow, subvolcanic rock 
Pink, solid (gvhr): hornblende-biotite granodiorite 
Orange-brown (gvbm): biotite granitoid 
Light blue (tcq): sandstone, conglomerate 
Blue-green (bv): volcanic flow, subvolcanic rock 
Blue-green w/specks (bvc): undifferent. volcaniclastics 
Aqua blue (mcd): mafic dike, dolerite 
Light pink w/checks (gskf): Bongo granite 















The fluorite and apatite concentrations were likely too low to be identified in the XRD 
analyses of Bongo granite presented in this work (Table 2.10), although fluorine is 
present in the Bongo granite samples (Table 2.9). 
The study area is within a basement aquifer, which is described by Wright (1992) 
as having two hydrologically connected components. One is an overlying cover that is 
mostly clay or clay-sand mixtures with high porosity but low permeability, and the other 
is fractured bedrock which is more conductive. The weathered over-layer can be as thick 
as 100 m, but is generally no more than 30 m, with the vast majority of wells in the 
region installed within the over-layer (Apambire et al., 1997). Martin (2006) documented 
that the median borehole depth was 37 m for 32 well logs, with the majority of drilled 
wells installed through the weathered zone and a few meters into fresh rock. However, 
only 3 of the 32 boreholes were categorized as tapping the fractured rock, while the 
others tapped the regolith aquifer. Well yield information was not collected in the study 
area, but the yields for 13 other boreholes in the Bongo District were provided by the 
Community Water and Sanitation Agency in the regional capital of Bolgatanga. The 
range was 13-100 L min-1, with an average value of 34.7 L min-1. Nine of the 13 
boreholes had a yield of 30 L min-1 or higher. Martin and van de Giesen (2005) 
determined that groundwater exploitability in the region is good for drilled wells with a 
yield of 30-80 L min-1 and extraction depth up to 50 m, and is moderate for drilled wells 
with yields between 13-30 L min-1 and the same extraction depth. 
Groundwater recharge from precipitation was not estimated for this study, but 
Martin and van de Giesen (2005) estimated approximately 4 cm of recharge for 90 cm 






(sources: Diluca and Müller, 1985; Dieng et al., 1991 and references therein; Millville, 
1991). Martin (2006) observed that higher water levels in wells tend to be in the higher 
elevation granitic areas, which may be due to increased recharge rates coupled with 
decreased conductivity. Dominico and Schwartz (1998), also state that high elevation 
areas are generally considered recharge zones. In the current study, the highest elevation 
area of Done (Fig. 2.4, 2.9) also has relatively high water levels measured from boreholes 
– especially in lower Done (Table 2.3).  
 
Fig. 2.9. Cross section of the highest groundwater fluoride portions of the study area (Done, Nayire). Done 
is a recharge zone (wide vertical arrows) and is the main location of Bongo granite. Nayire has both very 
high and very low fluoride groundwater. Thin arrows show the direction of groundwater flow and average 
fluoride concentrations are presented (in mg L-1) by each well.  Deeper wells are drilled and were closed 
when measurements were taken in November 2011. The shallow wider wells are hand-dug open wells. The 
inverted black triangles are the water level. 
 
In addition, with one exception in Done, the communities of Done, Tendongo, 
Nayire, and Abungo have high wet season water levels in shallower hand-dug open wells. 
The higher elevation areas (e.g. 242-261 m) tend to have the most elevated wet season 






low conductivity. Open wells in the Tendongo and Nayire areas show the greatest 
fluctuation between wet and dry seasons in the entire study area, and both wells are 
deeper than most of the open wells in the study area (Fig. 2.6). The continuous water 
level measurements from Done boreholes in Fig. 2.7 show a drop in the water level by 
late September to early October. The borehole in lower Done (249 m) has a water level 
close to the land surface. Because of this, it responds to precipitation sooner and more 
quickly than the upper Done borehole (elev. 261 m) (see Table 2.3, Fig. 2.7 and 2.9). 
4.2. Groundwater fluoride and water chemistry 
 An anomaly in the distribution of fluoride occurs in the community of Nayire 
where both the lowest (0.6 mg L-1) and the highest (4.5 mg L-1) average borehole 
groundwater fluoride concentrations in the study area are within 100 m of each other. In 
Table 2.6, they are wells 6 and 7 respectively. Well 6 (0.6 mg F- L-1) has lower pH and 
bicarbonate, and slightly higher conductivity than well 7 (4.5 mg L-1). Only calcium and 
magnesium are similar in both wells; otherwise, the concentrations of other dissolved 
ions are higher in well 6 than well 7 (see Table 2.6). It is surprising to find a very low 
fluoride borehole so close to the Bongo granite. The high fluoride borehole was 
apparently drilled through a thick layer of rock, presumably Bongo granite. In general, 
the lowest groundwater fluoride concentrations are in the community of Awale. Most of 
the wet season water levels in Awale are approximately 3 m below land surface (Fig. 
2.6). It is also the lowest elevation area in Namoo and approximately 500 m to the east is 
a seasonally flowing riverbed. The low elevation, water level measurements, and 
proximity to an ephemeral river indicate that most groundwater flow in Awale is 






expected in low elevation areas like Awale, which is away from the granitic area and 
close to a discharge area (Martin, 2006). 
The high fluoride communities are, as expected, in or close to the Bongo granite 
with a decrease in groundwater fluoride at increased distance from the granitic areas. 
There does not appear to be a statistically significant correlation between major-ion water 
chemistry and fluoride concentrations (Table 2.8), with one exception - there is a 
statistically significant direct correlation between magnesium and fluoride (Table 2.8). 
This may be due to the dissolution of fluorine containing biotite and amphibole since 
both likely contain magnesium (Table 2.10). Results from Chae et al. (2006) indicate that 
biotite in granite are correlated to elevated fluoride concentrations in groundwater; and 
Kanisiwa (1979) identified both biotite and amphibole in granite as high in fluorine. 
There is a strong direct correlation between nitrate and chloride (Table 2.8), 
which is likely due to the abundant agricultural activity and animal waste as fertilizer 
(Appelo and Postma, 2005). Human waste may also contribute nitrate and chloride, but in 
most cases it would not be concentrated in one area since latrines are not common. 
Schools have urinals, and a very small minority of households have latrines or a septic 
tank, which is even less common. In four wells (two open and two hand-pump) the nitrate 
is above the recommended limit for preventing methemoglobinemia or blue baby 
syndrome (see highlighted wells, Table 2.6, 2.7) (WHO, 2011). 
There is also a statistically significant correlation between bicarbonate and 
calcium (Table 2.8). The Piper diagram (Fig. 2.10) indicates that most groundwater in the 
study area is classified as Ca-Mg-HCO3 water (60-80% Ca-Mg). Just three samples are 






Table 2.7 #32 – unusually high conductivity) and two from open wells in Akaamo (one 
with very high sodium and the other with low calcium and magnesium). Apambire et al. 
(1997) found that groundwater samples collected in locations near Bongo granite are 
spread between Ca-Mg-HCO3 and Ca-Na-HCO3 groundwater, with most in the latter 
category. Results of this current study, however, identified most groundwater samples as 
Ca-Mg-HCO3. In addition, although the Bongo granite is ~50% albite ((NaAlSi3O8) in 
Table 2.10), which is sodium-rich, high Na-HCO3 groundwater is not present in Namoo. 
The relevance is that high Na-HCO3 conditions often contribute to high fluoride 
groundwater due to ion exchange between calcium in solution and sodium on the solid 
surface, resulting in a decrease in dissolved calcium as it exchanges with sodium which 
then causes more dissolution of fluorite (Chae et al. 2007). Apambire et al. (1997) 
similarly documented that elevated pH and sodium (high Na-HCO3) groundwater 
conditions which frequently result in high fluoride water are not occurring in the region. 
Feldspar and quartz dissolution likely influence groundwater chemistry in Namoo, 
with minor contributions from calcite, biotite, fluorite, and amphibole - especially in the 
recharge areas. Most groundwater in Namoo has moderate to elevated bicarbonate (Fig. 
2.11), which is consistent with data presented in Apambire et al. (1997). In general, the 
bicarbonate concentrations are relatively low in the recharge areas of upper Done and 
Nayire (most < 100 mg HCO3
- L-1), and are highest in Akaamo and Abasikoma (> 200 
mg HCO3
- L-1). The dissolution of silicates and movement along the flowpath tends to 
result in increased bicarbonate concentrations (Dominico and Schwartz, 1998), as 
observed in this study. Precipitation contributes CO2 charged groundwater which 






These weak acid- strong base reactions also tend to result in the formation of kaolinite 
(Dominico and Schwartz, 1998).  
 
 
Fig. 2.10. (a) Map of study area with location of communities, wells and fluoride concentrations, and 
general direction of groundwater flow; (b) Piper diagram of the distribution of major ions in water samples 
collected from open wells and drilled wells (boreholes). The four communities, Done-Abungo, in the left 
column of the legend are within or close to Bongo granite and at higher elevation. The four communities in 
the right column are getting farther from Bongo granite (except part of Koom) and are at lower 
elevation/down gradient from main recharge area (see (a)). 
Recharge, 









The stiff diagrams in Fig. 2.11 present the average major ion concentrations for 
open wells (OW) and deeper drilled boreholes (BH) with hand-pumps in each of the eight 
communities. The cations are widely and evenly distributed, with calcium usually slightly 
higher than magnesium, sodium, and potassium (Fig. 2.11). The most notable exception 
is groundwater in the Akaamo open wells (primarily due to one very high sodium open 
well – see Fig. 2.10). The anions are dominated by bicarbonate (Fig. 2.10, 2.11), which is 
important regarding the possible use of fluoride adsorption filters to remove excess 
fluoride from drinking water. This is because bicarbonate competes with fluoride for 
adsorption sites (Tang et al., 2009), and may hinder the fluoride adsorption capacity of 
the filters if the bicarbonate concentration is high enough. 
Fig. 2.11 indicates that the shallow open wells (OW) and deeper borehole (BH) 
hand-pump wells in Koom have similar average water chemistry, and near-by Awale has 
similar groundwater chemistry to Koom (Awale has OWs only and lower fluoride). In 
Abasikoma the average groundwater chemistry in the shallow (OW) and deeper (BH) 
wells is similar, with slightly higher bicarbonate than in Awale and Koom groundwater, 
which are located just to the east and south (Fig. 2.4). In Done, where the groundwater 
level is highest, the shallow and deep well water chemistries are clustered close together 
in the Piper diagram (Fig. 2.10) and the average water chemistries presented in the stiff 
diagrams in Fig. 2.11 are similar as well. The overall general pattern presented in Fig. 
2.11 is that the communities with highest groundwater fluoride, which are in the recharge 
zone, have lower average dissolved ions and lower bicarbonate. These would be Done, 






lower dissolved ion concentrations are likely due to precipitation recharge, where the 
other more distant communities are moving closer to discharge zones, which results in 
groundwater with higher ionic concentrations and bicarbonate due to continued evolution 
of groundwater chemistry along the flowpath. 
 
Fig. 2.11. (a) Stiff diagrams of average major ion concentrations for hand-pump boreholes (BH) and hand-
dug open wells (OW). Awale has no BHs, and Tendongo has one OW but with incomplete water chemistry 
data so it was omitted. Done-most of Abungo above are in or near Bongo granite. Other parts of Abungo 
and part of Koom are close as well. Akaamo, Abasikoma, Awale, and other parts of Koom are the farthest 
from Bongo granite, and at lower elevation (down gradient); (b) map of study area with location of 








4.3. Saturation indices of major minerals in Namoo groundwater  
PHREEQC (Parkhurst and Appelo, 1999) was used to determine the saturation 
indices of fluorite and other major minerals using the average concentrations of major 
ions in the hand-pump wells at the bottom of Table 2.6, and in open wells at the bottom 
of Table 2.7. Using the PHREEQC database the results show that, under these conditions, 
groundwater reaches saturation with respect to fluorite at fluoride concentrations above 
4.7 mg L-1 for hand-pump wells and above 4.6 mg L-1 for open wells. These fluoride 
concentrations are about the maximum fluoride concentrations found in the study area. 
Other potential minerals, such as calcite, aragonite, and dolomite, were under-saturated, 
so if present in the aquifers they would dissolve. This may explain why the highest 
fluoride concentrations in the area are around 4.6 mg L-1, both for this study and in 
Apambire et al. (1997). Such conditions may prevent further dissolution of fluorite from 
rock.  
When input parameters of the solution are varied, the most notable change in the 
dissolved fluoride concentrations is due to calcium because it influences fluorite 
precipitation. For example, increasing the calcium concentration to its maximum of 64.2 
mg L-1 (Table 2.7 open wells) results in saturation of fluorite in groundwater at a fluoride 
concentration of 3.6 mg L-1. Manipulating the other ions had little or no impact on the 
saturation index of fluorite. Table 2.8 indicates no correlation between calcium 
concentration and fluoride concentration in water, where PHREEQC shows an inverse 
correlation. This may be because the calcium concentrations in most groundwater are < 






The results in Table 2.8 show a strong direct correlation between calcium and bicarbonate 
(likely calcite dissolution), and chloride and nitrate (from agriculture). 
In addition to running PHREEQC to determine the saturation indices of major 
minerals using the average water chemistry values for open wells and hand-pump wells, 
the water chemistry data from each well (Table 2.6, 2.7) were also used as input values to 
determine the saturation indices of major minerals. Silica was consistently super-
saturated and talc (Mg3Si4O10(OH)2) was often super-saturated, using the concentration 
of 66 mg SiO2 L
-1 in all simulations. Fluorite (CaF2) was just below saturation at the 
highest groundwater fluoride concentrations, and was well below saturation at lower 
groundwater fluoride concentrations. Calcite (CaCO3) and dolomite (CaMg(CO3)2) were 
occasionally super-saturated, in particular for open wells – most of the open wells in 
Akaamo and Abasikoma, and one in Awale, due to higher bicarbonate concentrations 
(Fig. 2.11). The trend is notable under-saturation (with the exception of fluorite) in the 
recharge areas in and near Bongo granite, with increasing saturation of major minerals 
along the flowpath from the primary recharge zones to the discharge zones. Groundwater 
fluoride concentrations and fluorite saturation decrease as well with distance from the 
recharge zones. The reason for the decrease in groundwater fluoride is not clear. Dilution 
and dispersion as groundwater travels radially away from the granitic area and into the 
larger surrounding areas likely play a role (see Fig. 2.4, 2.5). In addition, fluoride may 
adsorb to clay (such as kaolinite). Kaolinite (Al2Si2O5(OH)4) is not a strong sorbent for 
fluoride (Coetzee et al., 2003), but if it is abundant in the aquifer(s) within the study area 
then even a small percentage of fluoride adsorbing to the aluminols will result in a 






4.4. Potential locations for installing low fluoride wells and for piped water from existing 
low fluoride hand-pump wells 
 
The optimum location for drilling low-fluoride boreholes to pipe groundwater to 
higher fluoride areas is Awale which is about 1.5-2 km from the granitic area (Fig. 2.4). 
The entire community has groundwater fluoride well under 1.0 mg L-1, and it appears to 
be within a discharge zone so it should have high hydraulic conductivity. In addition to 
Awale for installing low fluoride boreholes, Abasikoma also has no wells with fluoride 
above 1.2 mg L-1 and is closer to the high fluoride areas. Unfortunately, installing 
boreholes in any of the other communities may pose a cost risk due to the increased 
probability of tapping groundwater with fluoride concentrations above the WHO limit of 
1.5 mg L-1. The money may be better spent developing a piped system and installing 
solar panels and wind mills to provide the electrical energy needed to transport the water; 
and the potential for using solar and wind energy is notable (Table 2.1). 
Along with drilling new boreholes, the yield of existing low fluoride hand-pump 
wells could be obtained to determine their viability for pumping, storing, and then 
distributing low fluoride water to other communities. This would remove the high cost of 
drilling a new well. The best choice would be a hand-pump well in Nayire with an 
average fluoride concentration of 0.6 mg L-1. One concern, however, is that because it is 
so close to high fluoride groundwater, excessive pumping rates may result in pulling 
higher fluoride water into the well, which would limit the amount of water that could be 
pumped and stored. Therefore, the possibility of tapping high fluoride groundwater 
would first need to be investigated. In addition, there are other existing hand-pump wells 






0.7 mg L-1, another is at the Abasikoma-Awale border with an average fluoride 
concentration of 0.9 mg L-1, and a third is at the Abasikoma-Koom border, just west of 
Awale, with an average fluoride concentration of 1.6 mg L-1. The advantage of the 
Abasikoma-Awale borehole in particular, is that the groundwater fluoride in the area is 
very low, but it is also the farthest from the communities with high fluoride groundwater. 
Of course, the yield of these hand-pump wells would also influence their feasibility as an 
abundant source of low fluoride drinking water in Namoo. 
5. Conclusions 
 The study area of Namoo in the Bongo District of the Upper East Region of 
Ghana relies almost entirely on groundwater for household use. In an effort to improve 
access to water, 12 wells have been drilled and installed with hand-pumps since 2005 and 
23 hand-dug open wells have been installed since 2003. Five of these newer open wells 
and 10 of the newer drilled boreholes with hand-pumps have groundwater fluoride 
concentrations above the WHO recommended limit of 1.5 mg L-1. Five of the most 
recently drilled boreholes have an average of 3.4-4.5 mg L-1 of fluoride. In addition, four 
of the newly drilled boreholes remained closed due to high fluoride concentrations, but 
community members had the hand-pumps installed, thus making them useable. 
Consuming such high concentrations of fluoride puts users at risk of severe dental 
fluorosis as well as skeletal fluorosis, which is even more serious (WHO, 1984; WHO, 
2011). Therefore, either treated water or other sources of low fluoride water are needed in 
these communities, and in other similar areas in the region.  
Low-cost and low technology water treatment, and small-scale rainwater 






locate areas with low groundwater fluoride and high enough yield, thus allowing for 
collection and transport to high fluoride communities. The upfront costs are high, but the 
long-term access to a reliable water source also increases substantially. If installed 
properly, the day-to-day maintenance should be low for years to come, unlike water 
treatment systems which require continual maintenance. However, as with all proposed 
solutions for improving access to high quality drinking water in very poor communities, 
the question of who will cover the cost is always present and is rarely resolved. 
Government subsidized projects would be optimal at least to get them established, but to 
date this does not appear to be an option. 
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Both dental and skeletal fluorosis caused by high fluoride intake are serious public health 
concerns around the world. Fluorosis is particularly pronounced in developing countries 
where elevated concentrations of naturally occurring fluoride are present in the drinking 
water, which is the primary route of exposure. The World Health Organization 
recommended limit of fluoride in drinking water is 1.5 mg F- L-1, which is also the upper 
limit for fluoride in drinking water for several other countries such as Canada, China, 
India, Australia, and the European Union. In the United States the enforceable limit is 
much higher at 4 mg F- L-1, which is intended to prevent severe skeletal fluorosis but 
does not protect against dental fluorosis. Many countries, including the United States, 
also have notably lower unenforced recommended limits to protect against dental 
fluorosis. One consideration in determining the optimum fluoride concentration in 
drinking water is daily water intake, which can be high in hot climates such as in northern 
Ghana. The results of this study show that average water intake is about two times higher 
in Ghana than in more temperate climates and, as a result, the fluoride intake is higher. 
The results also indicate that to protect the Ghanaian population against dental fluorosis, 
the maximum concentration of fluoride in drinking water for children under 6-8 years 
should be 0.6 mg F- L-1 (and lower in the first two years of life), and the limit for older 
children and adults should be 1.0 mg F- L-1.  However, when considering that water 
treatment is not cost-free, the most widely recommended limit of 1.5 mg F- L-1 - which is 
currently the limit in Ghana - may be appropriate for older children and adults since they 








 Fluorine is the most reactive and electronegative of all elements and, as a result, is 
not found in its elemental form in the environment (Hem, 1985; Weinstein and Davison, 
2004). In solution, fluorine tends to ionize to the anion fluoride (F-). Because fluoride has 
the same charge and is a similar size as hydroxide (OH-), it tends to replace hydroxide on 
mineral structures (Hem, 1985). The outcome of this ion exchange is the presence of 
fluoride in several common mineral species (Fawell et al., 2006; WHO, 2011) such as 
fluorspar, apatite, mica, hornblende, and cryolite (Murray, 1986). Fluoride-containing 
minerals that frequently occur in igneous and sedimentary rocks, are present in the Bongo 
and Sekoti granitic rocks in the Upper East Region of Ghana (Apambire et al., 1997; 
Apambire, 2000). Dissolution of these minerals results in notably elevated fluoride 
concentrations in the near-by groundwater (Apambire et al., 1997; Apambire, 2000; 
WHO, 2004; WHO, 2011), putting communities that rely on high fluoride groundwater 
for their drinking water at risk of dental and skeletal fluorosis.  
Low concentrations of fluoride in drinking water are considered beneficial by 
reducing the incidence of dental caries (Fawell et al., 2006; WHO, 2011). However, 
slightly higher concentrations can cause dental fluorosis in children and adolescents 
(Whitford, 1997). Dental fluorosis results in permanent discoloration of the teeth, erosion 
of enamel and pitting (Whitford, 1997), and is prevalent worldwide (Fawell et al., 2006), 
including the Upper East Region of Ghana (Apambire et al., 1997; Apambire, 2000). 
Mild dental fluorosis can occur when children consume water with fluoride 






and Lampson, 1953; Apambire, 2000), though concentrations above 1.5 mg F- L-1 are 
more commonly associated with dental fluorosis (WHO, 1984; WHO, 2011). 
 A more serious adverse health effect caused by long-term exposure to high 
concentrations of fluoride is skeletal fluorosis, which can result in an increased risk of 
bone fractures, increased bone density, calcification of the ligaments and tendons, and 
bone deformity (crippling skeletal fluorosis) (Fawell et al., 2006; NRC, 2006; USEPA, 
2010a). Skeletal fluorosis has been documented in regions around the world including 
parts of India, China, several countries in Africa (Fawell et al., 2006; USEPA, 2010a), 
and a small number of cases in the United States (USEPA, 2010a and references therein). 
No cases of skeletal fluorosis have been documented in Ghana to date. Although the 
dose-response causing skeletal fluorosis is less linear than that for dental fluorosis (NRC, 
2006), drinking water concentrations from 3-6 mg F- L-1 are generally associated with 
skeletal fluorosis, and concentrations above 10 mg F- L-1 are generally associated with 
crippling skeletal fluorosis (WHO, 1984; WHO, 2011). 
To protect human health, the World Health Organization (WHO) developed 
international guidelines recommending a daily fluoride limit of 1.5 mg F- L-1 (WHO, 
2011). However the WHO also qualified this statement by recommending the limit be 
adapted to local conditions such as climate, water consumption and diet (Fawell et al., 
2006; WHO, 2011). In developing national standards and targets, it is particularly 
important to consider factors like climate, possible fluoride sources, and lifestyle (WHO, 
2011). Because water is considered the major contributor of fluoride exposure (Dean, 
1942; NRC, 2006), average daily intake of water is used in setting fluoride limits in 






consumption data are generally only available for countries with temperate climates such 
as Canada (CMNHW, 1981), the United States (Ershow and Cantor, 1989), and the 
United Kingdom (Hopkin and Ellis, 1980).  
 In many developing countries, including Ghana, collecting representative water 
consumption data with which to set national standards is a challenge. This is partly 
because communities often lack a reliable centralized water distribution system and 
instead use a variety of communal sources such as wells, rainwater catchment, lakes and 
streams for household water. Estimating water consumption is also difficult because most 
households are not accustomed to using exact measurements and taking note of water 
intake, so asking individuals to estimate how much water is consumed per day may not 
provide accurate data. 
The intent of this study conducted in Ghana’s Upper East Region is to (1) monitor 
daily water intake of selected individuals from young children to elderly adults in order to 
estimate potential ranges of daily fluoride intake, (2) map the distribution of dental 
fluorosis in an area with groundwater fluoride concentrations under 1 mg F- L-1 up to 4.6 
mg F- L-1, and (3) correlate patterns of dental fluorosis with fluoride concentrations of the 
household drinking water.  The purpose of collecting these data is to provide 
recommendations for safe target limits of fluoride in drinking water in order to best 
protect vulnerable members of the community from dental and skeletal fluorosis. Both 









Fig. 3.1. A map of the location of the Bongo District in the Upper East Region, Ghana. 
 
2. Materials and Methods 
2.1. Study area 
 The study area for this research is in the electoral area of Namoo in the Bongo 
District, Upper East Region of Ghana (Fig. 3.1). This site was chosen because of the 
ongoing problem of dental fluorosis in the Bongo District due to the abundance of 
fluoride-rich groundwater (Apambire et al., 1997; Apambire, 2000; Atipoka, 2009). The 
Namoo electoral area was specifically recommended for a baseline study by the Bongo 
District Assembly because several borehole drilled wells remained closed due to high 
fluoride groundwater. To map the location of wells and the distribution of groundwater 
fluoride in the study area, all hand-dug open wells and borehole drilled hand-pump wells 
were marked with a Garmin eTrex Vista® global positioning system (GPS), with the 
installation date documented. GPS was also used to mark the location of houses in the 






monitored using a Decagon® weather station that was programmed to take and record a 
reading every thirty minutes.  
2.2. Drinking water sampling and analysis 
Water samples were collected from 40 hand-dug open wells and 17 borehole 
drilled hand-pump wells in the study area during the late wet (September), late dry 
(April), and shoulder (October-November) seasons and analyzed for fluoride 
concentrations. Eight samples of sachet water from four local water purification 
companies were also analyzed for fluoride concentrations to verify that they had been 
treated to remove excess fluoride. All water samples were collected in Nalgene© 
polypropylene copolymer centrifuge tubes. They were analyzed the same day using an 
Orion 4-star meter and fluoride ion selective electrode, with 1 ml TISAB III added per 10 
ml sample just before analysis (APHA, 1998). The fluoride ion selective electrode was 
calibrated before use and checked after every eight to ten sample analyses to maintain an 
accuracy within 5%. The majority of samples, including those from all hand-pump wells 
and open wells with fluoride concentrations above 2.5 mg F- L-1, were analyzed again at 
the Desert Research Institute in Reno, Nevada using a new fluoride ion selective 
electrode. The repeat analysis was done to confirm accuracy within 5%.  In addition to 
testing the fluoride concentration in drinking water, two samples of locally purchased 
bags of Lipton® tea were prepared with boiled fluoride-free water to determine whether 
tea could be another source of fluoride for residents who consume it in the morning. 
2.3. Data collection using human subjects 
All house-to-house survey and water consumption monitoring questions and 






Reno for prior approval. Informed verbal consent was required from all adult participants, 
and from the parents of child participants. 
2.3.1. House-to-house surveys 
 Three sets of house-to-house surveys were conducted in the study area of Namoo 
to estimate the population and household size, identify seasonal water sources for 
drinking and washing, evaluate the daily diet, determine the level of understanding of the 
cause of fluorosis, and observe whether any household members showed signs of dental 
fluorosis. To obtain a baseline understanding of the distribution of dental fluorosis in the 
study area, the investigators asked consenting adult survey participants whether anyone in 
the home had discolored teeth.  
A photograph was shown to adult household members with pictures of teeth at 
different phases of dental fluorosis (Fig. 3.2). The best match to a photograph was chosen 
for each member identified as having dental fluorosis. If a household member was 
identified as having dental fluorosis, the investigators looked at the teeth to confirm it. In 
a small minority of cases, the household member with dental fluorosis was not present, so 
the investigators relied on the survey participants’ description of the degree of dental 
fluorosis (from Fig. 3.2).  
Teeth with extensive white opaque markings and or some brown discoloration 
were identified as affected with dental fluorosis (as presented in Fig. 3.2). However 
because the mildest stages of dental fluorosis are frequently misdiagnosed (NRC, 1993), 
slight white markings considered questionable to very mild dental fluorosis were not 
counted. Residents with dental fluorosis who were born outside of the study area were 






an adult or a child (under 18 years), and the estimated level of dental fluorosis was 
documented using the categories presented with the photographs in Fig. 3.2 (from 
Viswanathan et al., 2009). 
 
Fig. 3.2. Degrees of dental fluorosis generally following Dean’s classification index (Dean, 1942), with 0 = 
no dental fluorosis and 4 = severe dental fluorosis. These photos were shown to community members in the 
study area of Namoo in northern Ghana as examples of dental fluorosis to aid in identifying the degree of 
dental fluorosis of members in the house. Reprinted from Viswanathan et al. (2009) with permission from 
Elsevier Ltd. 
 
Because the evaluations were not conducted by a dentist, caution was taken in 
positively identifying cases of dental fluorosis. In addition, to be less intrusive, the 






National Research Council noted that teeth most affected by dental fluorosis are posterior 
teeth so just evaluating anterior (front) teeth may not be sufficient in properly accounting 
for the prevalence and severity of dental fluorosis (NRC, 2006). As a result, the number 
of cases of dental fluorosis is underestimated. The intent of this component of the study, 
however, is to document trends. 
2.3.2. Water consumption data 
Daily water consumption was monitored in the study area to determine average 
water intake based on age, gender, and activity level. There were twenty seven 
participants ranging from age five to approximately 70 years. Adults who were 
accustomed to drinking sachet water monitored themselves by counting the number of 
500 ml water packets consumed in a day, and others were monitored by a project 
investigator. Children were monitored by a project investigator whose job was to provide, 
measure, and document the volume of water consumed in one day. The children were 
monitored for many days with the measurements collected in the first few days excluded. 
This was done to prevent recording abnormally high water consumption data due to 
forced water intake. If the participant was monitored for less than three quarters of the 
day or if there was doubt about the accuracy of measurements, the data were not used. As 
a result, for some of the participants only one or two days of measured water intake were 
included in this study. 
2.4. Determining optimum daily fluoride intake (mg kg-1day-1) 
In order to recommend an optimum concentration of fluoride in drinking water, 
the daily maximum safe dose of fluoride consumed per unit body weight needed to be 






examined from a variety of existing sources. A single optimum daily dose was then 
chosen to calculate safe daily fluoride intake. The safe daily dose was compared to the 
daily fluoride intake range for participants in this study. The daily fluoride intake was 
estimated (in mg kg-1 day-1) from drinking water and water consumed in food. The 
volume of water consumed in food was not directly measured, but was achieved by 
measuring the total volume of food eaten from a bowl (e.g. soup and starch) and 
estimating the percent water consumed. In many cases the weight of the participant was 
not recorded, but was estimated based on age, height, size, and gender, with the U.S. 
Center for Disease Control weight charts used to calculate the body weight of participants 
ages 5-20 years (Kuczmarski et al., 2002). 
3. Results 
3.1. Description of study area 
The study area, which comprises most of the Namoo electoral area, is divided into 
eight communities: Done, Tendongo, Nayire, Koom, Abungo, Akaamo, Abasikoma, and 
Awale (Atanga, T. personal communication, 2011). It covers 5 square kilometers and is 
rural, with a dispersed population of approximately 2,500 (surveys this study). The region 
has one rainy season from about March-October and the air temperature is hot year-round 
(Fig. 3.1S). The air temperature in Namoo which was monitored August 2012 through 
September 2013 recorded an average temperature of 29 oC, average monthly minimum of 
19.3 oC (January 2013) and maximum of 40.3 oC (March 2013) (Fig. 3.1S). The survey 
responses show that the approximately 200 households tend to be large and include 
extended family. As a result, average household size is 13 people (std dvn = 12). Namoo 






that rely on rain-fed agriculture. Although power lines were installed in Namoo around 
the year 2000 (Atanga. T. personal communication, 2011), only ten percent of the homes 
have electricity (survey results). 
The water sources are decentralized and all residents rely on community hand-dug 
open wells, or borehole drilled hand-pump wells. There are 40 open wells in use and 17 
hand-pump wells. In 2011, six of the hand pump wells, which were drilled in 2004 and 
2005, remained closed because the fluoride concentrations exceeded the WHO limit of 
1.5 mg F- L-1. Between late 2011 and late 2013 all six of the closed hand-pump wells 
were opened. Two of the hand-pump wells were opened with the approval of the Bongo 
District Assembly, because the fluoride concentration was under 3.0 mg F- L-1 and the 
users were in need of a more viable and accessible water source than they had at the time. 
The other four were opened by community members themselves without prior approval 
from the local government.  
The installation date for nine of the open wells is not known, but it is assumed 
most are older wells – pre-2000. The four hand-pump wells from the 1970s were the first 
borehole drilled hand-pump wells installed in Namoo (Atanga, T. personal 
communication, 2011). Another was installed in 1999, and the other hand-pump wells 
were installed between 2004 and 2013. The open wells with inscribed installation dates 
were built between 1993 and 2010. Overall, sixty two percent of the wells were installed 
after 2002. 
3.2. Drinking water fluoride concentrations  
 The distribution of groundwater fluoride is presented in Fig. 3.3 using shaded 






diamonds, Fig. 3.3). The trend shows the highest groundwater fluoride in the northwest 
area (adjacent to outcrops of Bongo granite), and decreasing to the east and south (black 
arrow, Fig. 3.3).  
 
Fig. 3.3. Fluoride concentration contours showing the general distribution of groundwater fluoride in 
Namoo. The distribution of dental fluorosis in the home is identified by the brown circles surrounding the 
black triangles. The location of water sources (hand-dug open or borehole drilled hand-pump well) are 
identified by the black diamonds. The eight communities are also named. The black arrow shows the trend 
from highest groundwater fluoride and dental fluorosis communities to lowest. 
 
Table 3.1 presents the average annual fluoride concentrations for all borehole 
drilled hand-pump wells and the year the hand-pumps were installed. The average is 
taken from samples collected in the late wet (September), late dry (April), and shoulder 
(October-November) season for most wells. All of the hand-pump wells with average 
fluoride concentrations above 3.0 mg F- L-1 were installed after 2007, and only three of 

















Table 3.1. Fluoride (F-) concentrations of borehole 
drilled hand-pump wells in Namoo, and year 
installed. The first hand-pump wells installed in the 
1970s but the year is not certain. Highlighted wells 




 F (mg L-1) 
   Std   
   Dev 
 
Nb 
Year       
Installed 
1 0.7 0.0 3 1970s 
2 2.9 0.1 3 1970s 
3 1.6 0.1 3 1970s 
4 2.6 0.1 3 1970s 
5 1.6 0.1 3 1999 
6 0.7 0.2 3 2005 
7 2.1 0.1 3 2005 
8 1.6 0.1 3 2005 
9 4.3 0.5 3 2008 
10 0.9 0.1 3 2010 
11 2.0 0.1 2 2011 
12 2.9 0.1 2 2011 
13 2.4 0.1 2 2011 
14 3.4 0.1 2 2012 
15 4.5 NA 1 2012 
16 3.5a 0.1 2 2013 
17 3.4a 0.5 2 2013 
aWells closed during sampling periods: samples may 
have incorrect fluoride concentration because the sample was 
not from flushed/regularly used well; bnumber of samples. 
 
Using the seasonal average data for the 17 hand-pump wells, the minimum 
concentration was 0.7 mg F- L-1, the maximum 4.5 mg F- L-1, the median 2.3 mg F- L-1 
and the overall average 2.2 mg F- L-1 (std dvn = 1.1). The average annual fluoride 
concentrations of the shallow hand-dug open wells are presented in Table 3.2. Just nine 
of the 40 hand-dug open wells have average fluoride concentrations above 1.5 mg F- L-1. 
Using the averages for the 40 open wells, the minimum concentration was 0.3 mg F- L-1, 
the maximum 3.1 mg F- L-1, the median 0.8 mg F- L-1 and the overall average 1.1 mg F- L-
1 (std dvn = 0.7). Most of these values are notably lower than those for the hand-pump 









Table 3.2. Fluoride (F-) concentrations of hand-dug 
 open wells in Namoo, with the year installed. Wells  
with no date likely installed pre-2003. Highlighted 




 F (mg L-1) 
   Std    
   Dev 
 
Na 
Year      
Installed 
1 3.1 0.6 3 no date 
2 1.4 1.8 3 no date 
3 0.7 0.5 2 no date 
4 1.7 0.1 3 no date 
5 1.2 0.1 2 no date 
6 1.2 NA 1      no date 
7 0.5 0.1 3 no date 
8 0.8 NA 1 no date 
9 0.4 NA 1 no date 
10 0.4 0.1 3 1993 
11 1.7 0.1 3 1994 
12 2.0 0.6 3 1994 
13 0.6 0.2 3 1994 
14 0.7 0.1 2 1995 
15 0.4 0.1 3 1996 
16 0.4 0.2 3 1997 
17 0.8 0.1 3 1998 
18 0.5 0.0 3 2003 
19 1.7 1.9 3 2004 
20 0.4 0.1 3 2004 
21 1.2 0.6 3 2004 
22 0.5 0.2 3 2004 
23 0.5 0.3 3 2004 
24 0.9 0.3 3 2004 
25 1.7 0.0 3 2004 
26 0.8 0.6 3 2004 
27 0.8 NA 1 2004 
28 1.2 NA 1 2004 
29 0.9 0.2 3 2004 
30 0.4 0.0 2 2004 
31 0.5 0.1 3 2006 
32 2.4 0.0 3 2006 
33 0.8 0.0 3 2006 
34 0.5    0.1 3 2007 
35 1.4    0.1 3 2007 
36 1.2 NA 1 2007 
37 2.4 0.1 3 2007 
38 0.3 0.1 3 2008 
39 2.6 0.1 3 2008 
40 0.5 0.1 2 2010 









3.3. Survey results 
3.3.1. Dental fluorosis in the community 
Fig. 3.3 also maps the distribution of dental fluorosis in the home. According to 
the survey, 36% of the households have family members with dental fluorosis. In the 
northwest end of the study area near a cluster of high fluoride wells, 62% of households 
have members with dental fluorosis. Slightly to the southeast with mostly low to 
moderate levels of groundwater fluoride, 35% of households have members with dental 
fluorosis. The far southeast end of the study area has all low fluoride wells (< 1.0 mg L-1), 
and 13% of households have members with dental fluorosis. The communities with most 
of the cases of dental fluorosis are Done, Abungo, and Akaamo. Those with the fewest 
and mildest cases are Abasikoma, Awale, and parts of Koom. 






























Fig. 3.4. Distribution of dental fluorosis (DF) and average fluoride concentration of household drinking 
water as identified by house-to-house survey participants. The <2 range of dental fluorosis is milder dental 
fluorosis and the 2+ is moderate to severe. 
 
Fig. 3.4 presents a bar graph of the distribution of dental fluorosis in children and 
adults versus the average fluoride concentration of the household water. The cases of 






streaks with some slight brown markings) or more severe (2+ = pronounced brown 
markings on some or all of visible teeth) using the photographs from Viswanathan et al. 
(2009). Just 177 cases of dental fluorosis (or about 8% of the population) were identified 
by survey participants. Of those identified with dental fluorosis, 58.7% are children. 
Nearly 88% of the adults with dental fluorosis fall in the 2+ category while 53.8% of 
children with dental fluorosis are in the 2+ category. The number of cases of dental 
fluorosis, as well as the number of cases of 2+ dental fluorosis, increases with an increase 
in fluoride concentration; but dental fluorosis is also identified in homes with drinking 
water fluoride below 1.0 mg L-1, including 12 cases of 2+ dental fluorosis (Fig. 3.4). 
3.3.2. Household water sources 
The preferred source of drinking water is from the hand-pump wells rather than 
the open wells. This is because groundwater from hand-pump wells contains less 
sediment, is less prone to microbial contamination, and the water is easier to collect. 
Sixty percent of households stated that they collect fluoride-free rainwater for household 
use during the wet season. Forty four percent of households that collect rainwater also 
drink it and the others only use it for washing. A small minority of households buy 
bundles of commercially purified low fluoride sachet water for drinking, but generally 
not daily. 
3.3.3. Daily diet 
When asked about diet, the response was the same for nearly all households. The 
staple is a millet (or corn) mush called TZ (“teezed”) that is made by mixing flour with 
water and then cooking the mixture until it is thick. The TZ is eaten with soup, such as 






eat this at every meal. Rice is also part of the diet, but millet TZ is more common. Beans 
are part of the diet as well, but not always eaten daily. Meat (goat, sheep, fowl, beef, and 
dry fish) is eaten rarely in most households because it is expensive, and when it is 
included in a meal the portion is small.  
The minority of households in Namoo with a regular income (e.g. government 
workers) often consume bread with tea, coffee, or cocoa and milk as part of the breakfast. 
These households tend to have more protein and calcium in the diet than the majority of 
residents in Namoo without a steady salary. Canned mackerel, which is consumed 
occasionally by those able to afford it can have notably elevated concentrations of 
fluoride (Table 3.1S). In addition, residents who drink tea likely consume more fluoride:  
two Lipton® tea bags purchased in Ghana and brewed with fluoride-free water each had 
fluoride concentrations of 2.3 and 2.4 mg F- L-1 for 200 ml steeped 3 minutes. The 
majority of residents in Namoo currently lack the income to buy tea or canned fish 
regularly, however, so in most cases it will not contribute to overall fluoride exposure. 
3.4. Daily drinking water consumption 
Daily drinking water intake was monitored for 27 participants of approximate age 
range from five to 70 years, in order to estimate the daily water consumption and 
potential fluoride intake from water in a region that is hot year-round, and where the 
residents live without air conditioning and are outdoors and active much of the day. Table 
3.3 presents the age range, gender, estimated weight, time of year the monitoring 
occurred (see Fig. 3.1S for temperatures), and daily water consumption. The range for all 
drinking water intake measurements is from 1.0-6.8 L consumed per day, depending 






the average values for each adult, the minimum value is 1.4 L day-1, the maximum is 5.7 
L day-1, the median is 3.2 L day-1, the overall average is 3.3 L day-1 (std dvn = 1.0). Using 
the average values for each child, the minimum is 1.0 L day-1, the maximum is 2.4 L day-
1, the median is 1.6 L day-1, and the overall average is 1.7  L day-1 (std dvn = 0.4). 
Table 3.3. Water consumption data for 27 residents of Namoo, approximate age range 5 to 70 years.  
Highlighted rows indicate individuals with dental fluorosis (<2) from consuming water with 2.6 mg F- L-1  
to 2005, and 2.1 mg F- L-1 from 2005-present. Monitoring level: 1 = self-monitored; 3 = monitored by  
PI or adult family member ¾ of the day; 3+ = monitored by PI or adult family member > ¾ of the day; 4 = 
monitored by PI or adult family member entire day. 
   Age 






  Level 
   2011-2013 
      Month 
Wat Cons 
  Avg (L) 
   Range 
     (L) 
Std     
Dvn 
 
    Na 
>35 F 51 1 Nov/Aug/Apr 2.9 1.9-4.7 0.6 42 
>35 M 72 3+ to 4 Nov/Aug/Apr 4.0 2.5-6.3 1.6 8 
>35 M 68 1 Apr-May 3.3 2.9-3.9 0.5 4 
>35 M 55 3+ May 1.3 NA NA 1 
>35 F 64 1 May 3.5 NA NA 1 
>35 F 55 1 Aug/May 2.2 1.9-2.7 0.3 4 
>35 F 66 3+ May 3.1 NA NA 1 
18-35 F 57 3+ to 4 Nov/Aug/Apr 2.6 1.9-3.8 0.7 10 
18-35 F 75 3+ to 4 April-May 5.7 5.0-6.8 1.0 3 
18-35 F 57 4 May 4.1 3.9-4.5 0.3 4 
18-35 F 68 4 Nov 2.9 NA NA 1 
18-35 F 66 1 May 3.3 2.9-3.4 0.3 4 
18-35 M 68 1 May 3.0 2.5-3.5 0.7 2 
18-35 F 55 1 May 3.2 2.9-3.4 0.4 2 
18-35 F 90 3+ to 4 May 3.9 3.5-4.3 0.6 2 
18-35 F 64 4 May 3.1 NA NA 1 
11-17 M 50 4 Nov 2.3 1.2-3.2 0.8 4 
11-17 F 28 3 Aug 1.0 NA NA 1 
11-17 F 55 1 Aug 1.6 NA NA 1 
11-17 M 40 3+ to 4 Aug 2.4 2.0-2.8 0.4 3 
5-10 F 19 3+ to 4 Nov/May 1.9 1.7-2.1 0.2 3 
5-10 M 28 3 Aug 1.9 NA NA 1 
5-10 M 16 3 Aug 1.5 NA NA 1 
5-10 M 31 4 Aug 1.7 1.5-1.9 0.2 3 
5-10 M 19 3+ Aug 1.4 1.4 0.0 2 
5-10 F 26 3 Aug 1.2 NA NA 1 
    5-10 M 22 3+ Aug 1.3 NA NA 1 
aN is the number of measurements used to determine daily water consumption for each participant. 
 
3.5. Safe daily dose of fluoride per kg body weight  
The estimated safe daily dose of 0.06 mg F- per kg body weight used in this study 
is based on conclusions from selected studies cited below. The optimal daily intake to 






of 0.05-0.07 mg F- per kg body weight, according to Levy (1994) and Heller et al. (1999, 
2000). The Institute of Medicine (1997) determined that 0.05 mg F- per kg body weight 
per day from drinking water provides optimum anti-caries protection. The safe dose 
determined by both Dean (1942) and Hong et al. (2006a) to prevent severe dental 
fluorosis is 0.06 mg F- per kg body weight. This current study has chosen a safe dose of 
0.06 mg F- per kg body weight per day as optimum for preventing severe dental fluorosis 
and maximizing dental caries protection by combining 0.05 mg F- per kg body weight per 
day from water (Institute of Medicine, 1997), and 0.01 mg F- per kg body weight per day 
from food (McClure, 1943). 
3.6. Estimated daily fluoride intake, and safe daily dose for Namoo, Bongo District 
Table 3.4 presents a set of values for each of the 27 participants in the water 
consumption study showing (1) the daily fluoride intake from water when consuming 1, 
2, and 4 mg F- L-1 water, (2) in brackets the daily fluoride intake from water per kg body 
weight when consuming 1 mg F- L-1 water, (3) the safe total daily mg fluoride consumed 
per day, and (4) the optimum maximum concentration of fluoride in water. To calculate 
the safe total mg F- per day for each participant, the value of 0.06 mg F- per kilogram 
body weight per day is used (includes fluoride in water and in food). The calculated 
contribution from water intake (1, 2, 4 mg F- L-1) is presented and compared to the 
overall safe daily F- limit from water and food. The contribution from food adds an 
average of 0.5 mg F- day-1 (range 0.2-0.9 mg F- day-1) to the calculated values from water 
intake. For the majority of participants, when consuming water with fluoride at the low 
value of 1 mg F- L-1 (and excluding the contribution from food), the recommended safe 






cooking water for each participant is based on 0.05 mg F- per kg body weight per day as 
the contribution from water.  
Table 3.4. Estimated fluoride (F-) intake from water at 1, 2, 4 mg F- L-1 in drinking/cooking and safe 
maximum daily F- intake for 27 residents of Namoo. The calculated safe daily F- intake in (consumed) 
water is based on the estimated weight of each individual and acceptable level of 0.05 mg F- per kg per day; 
and the total acceptable level per day of 0.06 mg F- per kg. The volume of water consumed is both from 
drink and food (e.g. rice, soup, porridge). Highlighted rows indicate individuals with dental fluorosis (<2) 
from consuming water with 2.6 mg F- L-1 to 2005, and 2.1 mg F L-1, 2005-present. 








(1 mg L-1)b 
mg day-1 
(2 mg L-1) 
mg day-1 





mg F- L-1 
>35 F 51 3.4 3.4 (0.07) 6.8 13.6 3.06 0.8 
>35 M 72 4.7 4.7 (0.07) 9.4 18.8 4.32 0.8 
>35 M 68 4.0 4.0 (0.06) 8.0 16.0 4.08 0.9 
>35 M 55 1.5 1.5 (0.03) 3.0 6.0 3.30 1.8 
>35 F 64 4.1 4.1 (0.06) 8.2 16.4 3.84 0.8 
>35 F 55 2.8 2.8 (0.05) 5.6 11.2 3.30 1.0 
>35 F 66 3.7 3.7 (0.06) 7.4 14.8 3.96 0.9 
18-35 F 57 3.1 3.1 (0.05) 6.2 12.4 3.42 0.9 
18-35 F 75 6.4 6.4 (0.09) 12.8 25.6 4.50 0.6 
18-35 F 57 4.7 4.7 (0.08) 9.4 18.8 3.42 0.6 
18-35 F 68 3.3 3.3 (0.05) 6.6 13.2 4.08 1.0 
18-35 F 66 3.9 3.9 (0.06) 7.8 15.6 3.96 0.8 
18-35 M 68 3.7 3.7 (0.05) 7.4 14.8 4.08 0.9 
18-35 F 55 3.8 3.8 (0.07) 7.6 15.2 3.30 0.7 
18-35 F 90 4.6 4.6 (0.05) 9.2 18.4 5.40 1.0 
18-35 F 64 3.7 3.7 (0.06) 7.4 14.8 3.84 0.9 
11-17 M 50 2.7 2.7 (0.05) 5.4 10.8 3.00 0.9 
11-17 F 28 1.3 1.3 (0.05) 2.6 5.2 1.68 1.1 
11-17 F 55 2.3 2.0 (0.04) 4.0 8.0 3.06 1.4 
11-17 M 40 2.8 2.8 (0.07) 5.6 11.2 2.46 0.7 
5-10 F 19 2.1 2.1 (0.11) 4.2 8.4 1.14 0.5 
5-10 M 28 2.2 2.2 (0.08) 4.4 8.8 1.56 0.6 
5-10 M 16 1.7 1.7 (0.09) 3.4 6.8 1.14 0.6 
5-10 M 31 2.1 2.1 (0.07) 4.2 8.4 1.62 0.7 
5-10 M 19 1.7 1.7 (0.09) 3.4 6.8      1.14      0.6 
5-10 F 26 1.6 1.6 (0.06) 3.2 6.4 1.56 0.8 
5-10 M 22 1.6 1.6 (0.07) 3.2 6.4 1.20 0.7 
aDrinking water Table 3.3, plus water in food; bNumbers in parentheses are the calculated fluoride intake 
from water in mg per kg body weight per day when consuming water with 1 mg F- L-1. 
 
The safe limit in drinking and cooking water of the 27 participants in the study is 
as follows: for children between 5 and 10 years old it is 0.5-0.8 mg F- L-1; 11 to 17 years 
it is 0.7-1.3 mg F- L-1; and over 17 years it is 0.7-1.8 mg F- L-1. The values in parentheses 
in the 1 mg F- L-1 column of Table 3.4, which estimate the daily fluoride from water per 






0.065 mg F- per kg per day. These values, using a fairly low fluoride concentration of 1 
mg L-1, are closest to the 0.05 mg F- per kg body weight per day considered optimal for 
fluoride intake from water.  
4. Discussion  
4.1. Fluoride exposure in the Upper East Region, Ghana 
The major sources of fluoride are drinking water, food, dental products (mostly 
tooth paste), pesticides (NRC, 2006; USEPA, 2010b), and tea (Shu et al., 2003; Wong et 
al., 2003; Yi and Cao, 2008). Additional fluoride exposure from air occurs in some areas 
around the world due to industrial emissions (ATDSR, 2003; Jagtap et al., 2012), 
electrical utilities, coal, and volcanoes (ATDSR, 2003). Food contains at least trace levels 
of dietary fluoride (WHO, 2011), with higher concentrations determined by the food 
source and environmental conditions. Once ingested, the amount of bioavailable fluoride 
absorbed from food is also variable, and depends on other dietary factors (Ericsson, 1968; 
Whitford, 1994a; Cremer and Buttner, 1970; Cerklewski, 1997). However, fluoride in 
drinking water is generally considered the largest dietary contributor (NRC, 2006; 
USEPA, 2010b; Jagtap et al., 2012).Water also contributes significantly because nearly 
100% of fluoride consumed in water is absorbed in the gastrointestinal tract (Whitford, 
1994b; 1996). 
There is no industry in the region so fluoride exposure from air due to industrial 
emissions is not a factor. Also, the vast majority of residents in the study area lack the 
financial means to buy dental products, fertilizer, pesticides, or tea so exposure to 
fluoride from these sources is minimal in most households. There is some fluoride intake 






2011), but it is expected that the bulk of fluoride exposure is from water consumed 
through drinking and cooking. An additional seasonal factor is that water consumed with 
food often increases if the food supply is low, such as during late dry season and early 
planting season. When food is limited, one solution is to dramatically increase the water 
to millet flour ratio during preparation in order to increase the volume consumed and fill 
the stomach. Also vegetables preserved by drying are added to soup in larger quantities 
during the dry season, thus requiring more water in the soup.  
There are possible sources of fluoride from the diet such as leafy greens and 
millet, which are staples, as well as black eyed beans and groundnuts. Amalraj and Pius 
(2013) observed that, in parts of South India, leafy greens have fluoride concentrations 
ranging from 0.58-6.98 mg kg-1, millet from 1.29-4.94 mg kg-1, and black eyed beans 
from 1.16-4.21 mg kg-1 (Amalraj and Pius, 2013) with the variation dependent upon 
location, and sometimes the species. In Tanzania, Malde et al. (1997) found that two 
samples of groundnuts contained 2.2 and 4.3 mg fluoride kg-1. Table 3.1S provides a 
range of fluoride concentrations in various foods consumed in the United States that may 
also be consumed in northern Ghana. Because no analyses were conducted for fluoride 
levels in food products from Namoo, this study used the value by McClure (1943) of 0.01 
mg F- per kg body weight per day – or an estimated 0.5 mg F- kg-1 food consumed daily 
for an adult. This value is more consistent with the range presented in Table 3.1S than 
with the above results from Amalraj and Pius (2013) and Malde et al. (1997) and may be 








4.2. Daily water intake in the Upper East Region, Ghana 
The effects of climate and activity level on water consumption have not been 
studied extensively (USEPA, 2011). However, there are a few studies from the United 
States that estimate water intake in hot climates and for active members of the 
population. Data from a Galagan and Vermillion (1957) study conducted in California 
indicate that water intake can more than double under very hot conditions. Similarly, a 
U.S. Army study conducted to prepare for water needs in field combat ranging from light 
to heavy activity, estimated that twice as much water would be needed in a hot climate 
compared to a temperate climate (US Army, 1983). The measured daily water intake 
collected in this study in northern Ghana (Table 3.3) was also notably higher for every 
age group than the estimates provided for temperate climates. This is due to both high 
year-round air temperatures, and the lifestyle in rural Ghana.  
For children ages 5-17 years the range of water intake from drinking using all 
measurements was 1.0-3.2 L per day with an average of  1.7 L (std dvn = 0.4); and for 
adults 1.3-6.8 L per day with an average of 3.3 L (std dvn = 1.0). The daily water 
consumption mirrored the activity level and the person’s size. The more active and 
heavier the person, the more water consumed, as expected. The average water 
consumption measured in this study is about double the average for temperate climates, 
which is consistent with the findings for hot climates in the United States discussed 
earlier in this section.  
4.3. Dental fluorosis and fluoride intake under varied climatic conditions 
Increased water intake in hot climates has been correlated to increased fluoride 






(1953) conducted a fluorosis study in Arizona where the mean annual average 
temperature was 70 oF (21 oC), and drinking water fluoride concentrations ranged from 
0.4-1.2 mg F- L-1, which are considered low.  The results indicate that there was a higher 
percentage of children with dental fluorosis in this study than those from Dean (1942) 
with similar drinking water fluoride concentrations but with annual average temperatures 
of 50 oF (10 oC). Galagan and Lampson (1953) documented that locations with drinking 
water fluoride concentrations of 0.8 and 1.2 mg F- L-1 had cases of severe dental 
fluorosis. Dean (1942) identified a higher drinking water fluoride concentration of 2.0 mg 
F- L-1 as the threshold for severe dental fluorosis in the more temperate climates. Galagan 
and Lampson (1953) concluded that the difference in incidents of dental fluorosis was 
due to higher water consumption.  
4.4. Dental fluorosis and fluoride intake in Upper East Region, Ghana 
 The presence of elevated groundwater fluoride concentrations in parts of the 
Upper East Region in Ghana have been known since 1978 (Apambire et al., 1997). But 
the impact of consuming high fluoride water was not understood until 1993 when health 
professionals were asked to investigate the cause of stained teeth in children and 
identified it as dental fluorosis (Apambire et al., 1997). In a subsequent study in the 
Bolgatanga and Bongo Districts of the Upper East Region, Apambire (2000) used data 
from dental exams on 2,100 children ages 5-20 years to document the dental effects on 
consuming drinking water with fluoride concentrations up to 4.6 mg F- L-1. The Dean’s 
index (Dean, 1942) was used to classify the degree of dental fluorosis from none 
(normal) to severe. The results of statistical analyses determined that 0.8 mg F- L-1 was 






questionable, very mild to mild dental fluorosis the average was 1.33 mg F- L-1; for 
moderate fluorosis it was 2.76 mg F- L-1; and for severe dental fluorosis it was 3.04 mg F- 
L-1.  
This current study was conducted in a smaller section of the same area as the 
Apambire (2000) study, and the method used here for identifying dental fluorosis was 
less rigorous. The high fluoride area has average groundwater fluoride concentrations 
from 1.7-4.5 mg F- L-1, and the low fluoride area has groundwater concentrations well 
below 1.0 mg F- L-1 in all of its wells year-round. The most severe fluorosis and the 
highest number were in the high fluoride area - but 13% of households in the very low 
fluoride areas also had cases of dental fluorosis, which was unexpected. In other studies, 
a small fraction of the population has shown to be vulnerable to dental fluorosis, even at 
fluoride concentrations under 1.0 mg L-1 (e.g. Galagan and Lampson, 1953; Apambire, 
2000). This suggests that additional unidentified sources of fluoride and or individual 
sensitivity also affect the exposure risk (NRC, 2006).  
Another concern is that five of the borehole drilled hand-pump wells with fluoride 
concentrations above 3.1 mg L-1 (four in the “high fluorosis community”, Done) were 
opened between 2008 and 2013. As a result the incidence of dental fluorosis - especially 
severe dental fluorosis - is expected to increase if the water is left untreated or another 
low fluoride water source is not provided.  
4.5. Skeletal fluorosis in the Upper East Region, Ghana 
Skeletal fluorosis is a bone and joint condition with a range of symptoms 
including joint stiffness, bone fractures, and bone deformity.  In northern Ghana, there 






concentrations in the Upper East Region are 4.6 mg F- L-1 (Apambire et al., 1997; 
Apambire, 2000), which is consistent with the maximum fluoride concentrations found in 
the groundwater in this study. Because the highest fluoride wells were installed in the 
study area between 2008 and 2013, with average fluoride concentrations 3.4-4.5 mg F- L-
1, the elevated risk of skeletal fluorosis is recent with symptoms possibly not occurring 
for several years or even decades. The WHO (1984, 2011) has recommended 3 mg F- L-1 
as the limit for minimizing the risk of skeletal fluorosis. High water intake is likely to 
increase susceptibility to more severe forms of skeletal fluorosis in fluoride ranges at and 
above 3 mg F- L-1. 
Table 3.5. Selected guidelines for fluoride (F-) in drinking water around the world. The lowest limits are 
intended to minimize dental fluorosis (DF). 
 
Source 
   





WHOa 2011 1.5 Adapt guideline to local climate 
Australiab 2011 1.5  
Canadac 2010 1.5 (recommends 0.7) 0.7 optimal for dental health 
Chinad 2002 1.0 drinking/1.5 other uses Surface water guidelines 
European Unione 2014 0.8 F- added /1.5 F- natural 1.5 for naturally occurring F- 
Indiaf 2012 1.5 (recommends 1.0) Lower std to minimize DF 
Tanzaniag 2007 8.0 effluent/1.5-4.0 drinking Lower-upper limit drinking water 
U.S. EPAh 2010 4.0 (recommends 2.0) 4.0 enforceable/ 2.0 secondary std 
U.S. HHSi 2011 recommends 0.7 0.7 optimal for dental health 
aWHO (2011); bNHMRC, NRMMC (2011); cHealth Canada (2010); dMEPPRC (2002); eDECLG (2014); 
fBIS (2012); gTBS (2007); hUSEPA (2010b); iUSDHHS (2011). 
 
4.6. Range of limits for fluoride in drinking water 
The recommended or required limit for fluoride in drinking water varies from 
country to country. The fluoride limits recommended by the WHO, U.S. Environmental 
Protection Agency, other U.S. public health agencies, European Union, Canada, 
Australia, Tanzania, India, and China are listed in Table 3.5. In the United States, some 
government agencies have proposed lower recommendations for the safe limit of fluoride 






enforceable standard which considers the cost of treatment versus adverse effects to the 
consumer (USEPA, 2010b). The U.S. Environmental Protection Agency recommended 
limit of 2 mg F- L-1 is intended to protect against severe dental fluorosis in children and is 
not enforced (dental fluorosis is not identified as an adverse health effect). The 
enforceable limit of 4 mg F- L-1 is to protect the consumers from crippling skeletal 
fluorosis which is considered an adverse health effect (USEPA, 2010b). The U.S. 
National Research Council (2006) review of the Environmental Protection Agency’s 
drinking water standards agreed that mild to moderate dental fluorosis are cosmetic 
effects, but felt that severe dental fluorosis has adverse health impacts because it damages 
tooth enamel and reduces the ability to protect against tooth decay (NRC, 2006 - 
supporting studies include: Fejerskov et al., 1990; Burt and Eklund, 1999; Aoba and 
Fejerskov, 2002). As a result it recommended the enforceable limit be lowered in order to 
protect the population against severe dental fluorosis. 
4.7. Recommended limits of fluoride in drinking water for Ghana 
 When installing new boreholes, Ghana currently follows the WHO recommended 
limit of 1.5 mg F- L-1. As a result, many boreholes in the Upper East Region remain 
closed because the groundwater fluoride concentration exceeds this limit. What is being 
evaluated in this study is whether the WHO limit is appropriate for Ghana, when 
considering climate and water intake, as well as the cost of treatment. The daily fluoride 
intake can be very high in areas where water consumption is high (Table 3.3) and much 
of the drinking water, especially from borehole drilled wells, has notably elevated 
concentrations of fluoride (Table 3.1). Apambire et al. (1997) speculated that daily water 






temperatures. To minimize the number of cases of dental fluorosis and prevent severe 
dental fluorosis, Apambire (2000) recommended a limit for fluoride in drinking water of 
0.4-0.6 mg L-1. 
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Fig. 3.5. Estimates of daily fluoride intake per unit weight from drinking water only at 1, 2, and 4 mg F- L-1 
in (a) Ghana and (b) United States. Modeled data from the United States is from the National Research 
Council (NRC, 2006). There are no data for Ghana under 5 years old. According to these data, the fluoride 
intake in Ghana from drinking water is ~3 times higher than in the U.S. 
 
In addition, age is an important factor when evaluating fluoride intake and 
recommending limits in drinking water. For example, the first 6-8 years of life are the 
most critical risk period for dental fluorosis (NRC, 2006), with the first two years of life 
considered the most susceptible to developing fluorosis in permanent maxillary incisors 
(Hong et al., 2006b). Fluoride intake per unit weight is also highest during the first five 
years (Fig. 3.5). Therefore, to minimize the risk of dental fluorosis, children under 6-8 
years should drink water with a maximum fluoride concentration of 0.6 mg F- L-1, and 
even lower for the first year or two, because the highest consumption of fluoride per kg 
body weight occurs during this period (NRC, 2006) (Fig. 3.5b). Setting a lower limit for 
children would be difficult. However, when possible, providing commercially treated 
very low-fluoride drinking water, or even rainwater, are recommended for young children 






Because older children, and adults in particular, are less vulnerable to dental 
fluorosis than young children they can also safely consume higher concentrations of 
fluoride in drinking water than young children, so the WHO recommended limit of 1.5 
mg F- L-1 should not put them at serious risk of dental fluorosis. When considering the 
cost of treatment in northern Ghana, the WHO limit for older children and adults may be 
adequate, even though the results presented in Table 3.4 indicate the limit should be 1.0 
mg F- L-1 or lower in most cases. The maximum safe limit to protect against skeletal 
fluorosis for life-long residents who consume water with elevated fluoride concentrations 
for years or even decades may be slightly higher than 1.5 mg F- L-1. Other health impacts 
of consuming excess fluoride, including reproductive and developmental changes, 
neurological effects, and impacts on the immune, gastrointestinal, renal, hepatic and 
endocrine systems, and carcinogenicity (NRC, 2006; Ozsvath, 2009 and references 
therein) are not addressed here because data are limited and adverse health effects are still 
not clear. 
Because the hand-pump wells with the highest average fluoride concentrations 
(3.4-4.5 mg F- L-1) were installed between 2008 and 2013, the more extreme effects from 
consuming high fluoride water, such as severe dental fluorosis and skeletal fluorosis may 
not appear for many years. As a protective measure against skeletal fluorosis, an interim 
upper limit of fluoride in drinking water may be <3.0 mg F- L-1 with the goal of an upper 
limit at the WHO guideline of 1.5 mg L-1 (older children/adults). The initial 
recommendation for children under 6-8 years old should be 1.0 mg F- L-1 with the goal of 








 The challenges of setting drinking water standards in the developing world that 
protect the majority of the population can be tremendous due to the expense of treatment 
and difficulty in monitoring and enforcing established regulations. With these constraints 
in mind, a range of goals may be the most appropriate. The WHO (2011) recommends 
setting initial guidelines that are realistic, with target guidelines as a future goal that may 
be achieved when the cost of treatment is lowered or the government and or community 
has greater capacity to subsidize an alternative water source or a treatment facility. In 
northern Ghana, the greatest drinking water challenge, apart from improved access, is 
high concentrations of fluoride in groundwater. The Bongo District, where this problem 
is quite pronounced, is the poorest part of Ghana (Atipoka, 2009). It is also rural with 
water sources decentralized, so providing a safe, low-cost, low fluoride source of 
drinking water to those pockets of affected communities is difficult. In addition, this area 
is water-stressed, so keeping hand-pump wells (which tend to have higher fluoride than 
hand-dug open wells) closed due to fluoride concentrations above 1.5 mg F- L-1 makes 
community members angry. 
 There is no effective way to prevent fluorosis that is also cost-free. 
Recommending a limit for young children that is lower than the limit for older children 
and adults is cost effective while still minimizing adverse health effects to all. The 
challenge here is implementation and management, both of which will require extensive 
education on fluoride intake and fluorosis. Steps forward in addressing the problem of 
fluorosis will need to include ongoing educational programs, beginning with the schools 






the population in the study area understands that high fluoride drinking water is the cause 
of discolored and damaged teeth (data from this study). An educational program in the 
schools could possibly be coupled with a thorough dental evaluation of the school 
children, conducted by a dentist, in order to get a more accurate estimate of the incidence 
of dental fluorosis in the study area while raising awareness. Also, providing a source of 
low fluoride water to the schools (especially primary and pre-school) for the children to 
drink during the day will help decrease exposure. However, without a widespread 
understanding of the cause of fluorosis, and an interest in addressing it, any proposed 
solutions and management programs will likely fail. In addition, if the extreme poverty in 
these communities is not addressed in parallel, the described public health issues will 
continue to be neglected. Under such conditions, access to sufficient and reliable sources 
of food and water will, understandably, always be the priority. 
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Chapter 3: Supplementary data 
 
Fig. 3.1S. Average monthly minimum and maximum air temperature in Namoo, Bongo District, Upper 
East Region, Ghana from August 2012 to September 2013. Red and green vertical bars identify 
approximate temperatures for the bulk of the water consumption monitoring periods, with the majority in 
April-May (green thicker vertical bar). The average monthly maximum temperature is 40.3 oC and 
minimum is 19.3 oC for this period. 
 
 
Table 3.1S. The estimated fluoride content in foods from McClure (1943, 1949), and selected foods from 
Cholak (1960) and USDA (2005). Taken from tables presented in USEPA 2010b. The items chosen from 
McClure (1943, 1949) are occasionally or frequently consumed in northern Ghana, except spinach; and the 
milk is usually powdered or concentrated liquid. 
 
Food Item 
McClure (1943, 1949) 
Range mg F- kg-1 
   Cholak (1960) 
Range mg F- kg-1 
  USDA (2005) 
Range mg F- kg-1 
Orange 0.22 -- -- 
Banana 0.23 -- 0.01 
Tomato 0.24 to 0.9 -- 0.02 
Spinacha 0.21 to 1.8 -- 0.38 
Black eyed beans (peas) 0.23 -- -- 
Peanuts (groundnuts) 0.20 -- -- 
Wheat flour 0.27 to 0.45 -- -- 
Spaghetti, dry 0.80 -- 0.18 
Rice cookedb <0.1 to 0.67 -- 0.41 
Breadb 1.0 -- 0.49 
Milk, fresh 0.07 to 0.55 0.07 to 0.55 0.03 
Eggs 0.12 to 1.18 0.0 to 1.48 0.05 
Beef <0.2 to 0.67 0.2 to 0.33 0.22 
Mutton (sheep) <0.20 -- -- 
Chicken 1.40 1.40 0.15 
Fish, fresh 1.49 to 1.63 0.1 to 84.47 0.18 
Mackerel, canned 12.10 -- -- 
Coffeeb 0.2 to 1.6 -- -- 
Chocolate milk 0.5 to 2.0 -- -- 
Teab 4.1 to 398 -- -- 
aIncluded as an example of a green leafy vegetable, but spinach is not part of the diet in northern Ghana; 
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Fluoride is considered beneficial to teeth and bones when consumed in low 
concentrations, but at elevated concentrations it can cause dental and skeletal fluorosis. 
Most fluoride-related health problems occur in poor, rural communities of the developing 
world where groundwater fluoride concentrations are high and the primary sources of 
drinking water are from community hand-pump borehole drilled wells. One solution to 
drinking high fluoride water is to attach a simple de-fluoridation filter to the hand-pump; 
and indigenous materials have been recommended as low-cost sorbents for use in these 
filters. In an effort to develop an effective, inexpensive, and low-maintenance de-
fluoridation filter for a high fluoride region in rural northern Ghana, this study conducted 
batch fluoride adsorption experiments and potentiometric titrations to investigate the 
effectiveness of indigenous laterite and bauxite as sorbents for fluoride removal. It also 
determined the physical and chemical properties of each sorbent. Their properties and the 
experimental results, including fluoride adsorption capacity, were then compared to those 
of activated alumina, which has been identified as a good sorbent for removing fluoride 
from drinking water. The results indicate that, of the three sorbents, bauxite has the 
highest fluoride adsorption capacity per unit area, but is limited by a low specific surface 
area. When considering fluoride adsorption per unit weight, activated alumina has the 
highest fluoride adsorption capacity because of its high specific surface area. Activated 
alumina also adsorbs fluoride well in a wider pH range than bauxite, and particularly 
laterite. The differences in adsorption capacity are largely due to surface area, pore size, 








  Naturally occurring fluoride in drinking water is largely considered the main 
contributor of dietary fluoride intake, and populations living in hot climates with high 
water consumption are potentially at increased risk of exposure (Murray, 1986). Though 
it is widely agreed that fluoride is considered beneficial to teeth and bones – like many 
essential nutrients – it is healthful in small amounts but damaging at high concentrations 
(Fawell et al., 2006). In temperate climates, a concentration of 1 mg L-1 fluoride in 
drinking water has been associated with decreased dental caries (Fawell et al., 2006), but 
higher concentrations in or near developing tooth enamel can result in dental fluorosis in 
children and adolescents (Whitford, 1997). Dental fluorosis is an irreversible condition 
that causes discoloration of the teeth, erosion of enamel, and pitting (Whitford, 1997).  
Dental fluorosis has been documented in Ghana (Apambire et al., 1997; Apambire, 
2000), as well as other parts of the world, including the United States, Latin America, 
East Africa, and Asia (Fawell et al., 2006). Concentrations above 1.5 mg L-1 are 
associated with dental fluorosis, concentrations at 3 mg L-1 or higher are associated with 
skeletal fluorosis, and concentrations above 10 mg L-1 are associated with crippling 
skeletal fluorosis (WHO, 1984; WHO, 2008). Skeletal fluorosis, which affects all ages, 
has also been documented in several countries, but is most pronounced in parts of Asia 
and East Africa (Fawell et al., 2006). Skeletal fluorosis can result in osteosclerosis, 
ligamentous and tendinous calcification, and bone deformity (Fawell et al., 2006).  
As a means of protecting human health, the World Health Organization (WHO) 
developed guidelines recommending a daily fluoride intake of 1.5 mg L-1 or less. But, 






water sources are dispersed and communal, and where advanced de-fluoridation 
techniques are unavailable (Fawell et al., 2006). Under these conditions, if another source 
of drinking water exists, then the recommendation usually is to close the contaminated 
source (e.g. hand-pump well) and find another water source. In cases where a safe 
alternative supply of drinking water is not available, which is frequently the situation in 
northern Ghana (CWSA-CIDA, 2005), a simple cost-effective de-fluoridation system 
coupled with a maintenance program is needed. In communities with limited resources, 
the most promising de-fluoridation methods are adsorption, co-precipitation, or contact 
precipitation (Fawell et al., 2006). Adsorption media include laterite, bauxite, bone 
charcoal, and activated alumina; co-precipitation techniques, such as the Nalgonda 
technique developed in India, utilize aluminum sulfate and lime to remove fluoride; and 
calcium and phosphate compounds are common filter media for contact precipitation 
(Fawell et al., 2006). Reverse osmosis (Simmons, 1993; Sehn, 2008) and electrodialysis 
(Adhikary et al., 1989) are also options, but cost and maintenance are substantially higher 
(Ayoob et al., 2008). 
      When considering the various methods for de-fluoridation of drinking water, 
adsorption is widely used and is a more attractive method for fluoride removal when 
considering cost, simplicity of design, and operation (Mohapatra et al., 2009; Miretzky 
and Cirelli, 2011). Specifically, adsorption using indigenous materials has been suggested 
in order to keep costs down (Zevenbergen et al., 1996; Mjengera and Mkongo, 2003; 
Sarkar et al., 2006; Sarkar et al., 2007; Ayamsegna et al., 2008; Bhatnagar et al., 2011). 
Laterite, which is abundant in northern Ghana, has been recommended as a low-cost 






al., 2007; Cumberbatch et al., 2008). Alternately, laterite’s most aluminum rich ore, 
bauxite, has also been recommended as a sorbent for removing fluoride (Ayamsegna et 
al., 2008; Sujana and Anand, 2011). Bauxite is indigenous to Ghana as well, but is found 
in the more distant Western Region. Based on the above recommendations, the 
adsorption capacity of Ghanaian laterite and bauxite was tested for potential use in small 
treatment systems in the rural north. They also were compared to activated alumina – a 
synthetic material that must be purchased, but one that has proven effective as a sorbent 
for fluoride removal (Hao and Huang, 1986; Farrah et al., 1987; Fletcher et al., 2006). 
Cost, preparation, and overall effectiveness were then considered when evaluating each 
sorbent for use in a rural Ghanaian community with drinking water fluoride 
concentrations up to 4.6 mg L-1 – with Bongo granite identified as the naturally occurring 
source of groundwater fluoride in the region (Apambire et al., 1997; Apambire, 2000). 
2. Materials and methods 
2.1. Sorbent preparation 
The three sorbents being tested were: Ghana bauxite, which was provided by an 
aluminum mining company in the country’s Western Region; Namoo laterite, which was 
collected in the study area of the Upper East Region of Ghana; and activated alumina, 
which was provided by World Vision Ghana with no manufacturing information given. 
The sorbents were cleaned and sieved well to maintain the purity of the sample and to 
isolate particle sizes.  The activated alumina, with a manufactured grain size range of 0.5 
to 1.0 mm, was sieved to remove powder. Bauxite and laterite each were ground and 
sieved to two desired grain size ranges of 0.5 to 1.0 mm, and 63 to 125 µm. The three 






remove fine powder. An acid-base wash was then applied to increase sample purity and 
reproducibility of the titrations and batch adsorption experiments (Huang, 1981). Each 
sorbent was soaked in 0.01 N NaOH, stirred for 30 minutes, and centrifuged for 30 
minutes at 26,890 g relative centrifugal force (RCF) using a Sorvall® RC-5B centrifuge. It 
was rinsed again with deionized water by pouring off the supernate until the electrical 
conductivity was less than 5 µS cm-1. The sorbent was soaked again for 30 minutes with 
0.01 N HCl, centrifuged, and rinsed as described for the 0.01 N NaOH. Once clean, the 
sorbent was left to dry and then sieved again to remove final traces of powder with grain 
size smaller than 0.5 mm for 0.5 to 1.0 mm samples, and smaller than 63 µm  for 63 to 
125 µm samples.  
2.2. Sorbent physical-chemical properties 
  The specific surface area, and pore surface area and volume of the activated 
alumina, laterite, and bauxite at grain size 0.5 to 1.0 mm were determined using a 
Micromeritics® TriStar 3000 static pressure surface area analyzer with N2(g) as the 
sorbate. The 10-point Brunauer, Emmett, Teller (BET) method was used to determine 
specific surface area (Brunauer, et al., 1938; Lowell and Shields, 1991). The Barrett, 
Joyner, Halenda (BJH) adsorption method was used to determine pore area and volume 
for pores in the range of 1.7 to 300 nm (Barrett et al., 1951; Lowell and Shields, 1991). 
Using the N2(g) adsorption and desorption isotherm data for calculating the BET surface 
area and BJH pore area and volume, microporosity (< 2 nm) was also determined by 
creating t-plots (Gregg and Sing, 1982; Hay et al., 2011). The t-plot was created by 






nitrogen adsorbed to the surface on the y-axis (liquid nitrogen density of 0.808 g ml-1 at 
77 K). The statistical film thickness was calculated from the Harkins-Jura equation: 






                                                     (1) 
Evidence of micropores and corresponding pore volumes were determined by the linear 
portions of the t-plot and the y-intercept (see Gregg and Sing, 1982; Leofanti et al., 1998; 
Hay et al., 2011). The statistical thickness (t) was presented in nanometers (nm), where 1 
nm = 10 angstroms (Å); and p/po is the relative pressure used in creating the N2(g) 
sorption isotherms. 
The mineral content of each sorbent was determined using x-ray diffraction 
(XRD). Each sample was prepared by grinding it initially by hand in a pestle and mortar 
until it passed through a sieve with openings of 500 µm. The sample was then ground to a 
powder in a McCrone mill for 8 minutes in 10 ml of methanol. Subsequently, it was air 
dried, gently re-crushed in a pestle and mortar to break up aggregates formed during 
drying, and side-loaded into specially-designed sample holders. The samples were then 
analyzed on a Bruker D8 Advance XRD equipped with a Sol-X (solid state) detector. The 
resulting XRD scans were viewed and interpreted using the Bruker XRD data evaluation 
software called EVA®. A background correction was performed on each scan before 
interpretation. Minerals were identified by matching to reference mineral patterns stored 
in the ICDD (International Centre for Diffraction Data). 
The percent distribution of major oxides in Namoo laterite was determined using 
a Varian Vista®-PRO for analysis via inductively coupled plasma-atomic emission 






sample into a polypropylene bottle mixed with 0.5 ml of solution of one part HNO3 and 
three parts HCl. An additional 3 ml of concentrated HF was then added for a total 
solution volume of 3.5 ml. The mixture was capped and heated at about 100 oC in an 
oven for one hour and left to cool. The solution was transferred to a 100 ml borosilicate 
volumetric flask, filled to a total volume of 100 ml with deionized water, and then 
transferred back to the polypropylene bottle. The dissolved rock in solution was then 
ready to be analyzed for the oxides Al2O3, Fe2O3, and SiO2 using ICP-OES. 
The percent distribution of major oxides was determined in activated alumina and 
Ghana bauxite using x-ray fluorescence (XRF) using a Bruker S8 Tiger WD-XRF. 
Elements were measured as oxides in semi-quantitative mode using a helium atmosphere.  
Standard glass discs were analyzed at the start of each analytical work day to assess 
precision and accuracy of the semi-quantitative calibration curve. After analysis, 
qualitative XRF spectra were screened to assess accuracy of the peak search algorithm.  
Quantitative results were calculated based on measured net intensities using the EVAL2® 
software package.  The relationship between net intensities and concentrations was 
determined using the built-in semi-quantitative calibration curve.  Elemental 
concentrations were calculated and normalized to 100%.  Oxygen concentration was 
calculated by stoichiometry. Uncertainties were determined by replicate analysis of 
individual samples.  
The surface of each sorbent was observed using scanning electron microscopy 
(SEM) with a Hitachi S-4700 II Scanning Electron Microscope. The sample particles 
were mounted on the aluminum stubs, and coated with platinum in an Emitech K-575X 






with a Hitachi cold field emission scanning electron microscope model S-4700-II 
equipped with the Oxford Energy Dispersive Spectroscope detector for chemical 
composition analysis.  
2.3. Acid-base titrations 
The method for acid-base titrations was modified from Huang and Stumm (1973), 
Huang (1981), and Hao and Huang (1986). One gram of sorbent with grain size 0.5 to 1.0 
mm was placed in a Nalgene® polypropylene copolymer centrifuge tube and filled to 40 
ml with deionized water. The slurry was soaked for two weeks to fully hydrate the 
sorbent. Before titration, the liquid was poured off and the sorbent rinsed with deionized 
water until the electrical conductivity of the rinsate was less than 5 µS cm-1. The sorbent 
was placed in a 250 ml polypropylene beaker with a small, known volume of deionized 
water; the ionic strength was adjusted to either 0.1 M or 0.01 M with 1 M NaCl, and the 
beaker was then filled to a total volume of 150 ml with deionized water for a sorbent-to-
solution ratio of 6.67 g L-1. The beaker was covered leaving ports to permit access for a 
gel-filled Ag/AgCl pH probe attached to an Orion® 4-Star meter, a tube to bubble N2(g) 
into the suspension to exclude CO2(g), and for adding titrant. The beaker was placed on a 
magnetic stir plate, and stirred and bubbled with N2(g) until the pH stabilized, taking two 
to four hours. Upon stabilization, small increments of 0.1 N certified NaOH (stored in a 
glove box under N2(g) pressure) or 0.1 N certified HCl was added to the slurry. The pH of 
each increment was recorded when there was no change in pH (reading to 0.01 pH units) 
for one to three minutes. This usually took five to ten minutes depending upon the 






readings for activated alumina and a few for laterite – the pH was recorded and the 
titration continued.  
To check whether sorbent was lost in the rinsing, batch adsorption, or titration, the 
used sorbent was dried and weighed. Bauxite, laterite, and activated alumina lost 0 to 3% 
of the initial weight from the titrations and batch adsorption experiments, with an average 
loss of approximately 1.2%. The surface area of the used sorbents was not determined, 
but the grain size range was measured again for eleven samples (seven activated alumina 
and two each laterite and bauxite) to note any decrease. Of the used sorbent, an average 
of 3.8% (0.038 g of 1 g initial mass) measured under 0.5 mm with a range of 0 to 9% of 
the grain measuring under 0.5 mm. There was no notable pattern with any of the sorbents 
regarding grain size loss, but some total mass loss occurred more often with the activated 
alumina than with the other two sorbents. 
2.4. Determining pH dependent surface charge 
The millimoles of protons adsorbed to or desorbed from the surface of the three 
hydrated sorbents were determined by potentiometric titration as described in section 
2.3. The surface charge (in mols L-1) of each sorbent was then calculated using the 
following equations (Huang and Stumm, 1973; Hao and Huang, 1986): 
H+ adsorbed [mols L−1] =  
g sorbent L−1∗{[(0.1 N HCl)∗(L titrant added)]−[[H+]∗(L total)]}
g sorbent
                  (2) 
H+ desorbed [mols L−1] =  
g sorbent L−1∗{[(0.1 N NaOH)∗(L titrant added)]−[[OH−]∗(L total)]}
g sorbent
             (3) 
The resultant titration curves of pH vs. mmols of surface charge per liter of 
solution were used to determine intrinsic acidity constants (𝐾𝑎
𝑖𝑛𝑡) by matching modeled 






were created using the generalized two-layer surface complexation model (Dzombak and 
Morel, 1990) in the PHREEQC program (Parkhurst and Appelo, 1999), which will be 
discussed in section 2.6.  
2.5. Estimating the value for surface site density 
In order to calculate acidity constants for surface complexation modeling, the 
surface site density must be determined for each sorbent. Surface complexation models 
depend on the assumption that sorbing ions occupy specific sites on the sorbent surface 
(Sahai and Sverjensky, 1997). Although it is generally understood that surfaces are 
heterogeneous and energetically distinct, a single site and energetically identical 
assumption is made for most models (Sahai and Sverjensky, 1997). Even so, accurately 
determining the number of active surface sites is difficult, in part because the estimated 
number of surface sites for the same sorbent often varies depending upon the method 
used (Kosmulski, 2001). Because of the uncertainty regarding the best approach for 
estimating surface site density, as well as the wide variation in surface site density values 
presented in the literature for the minerals of interest here, a single representative Ns 
value was used for all calculations in this study. This was done to be consistent and 
minimize bias, and because the true value for the number of exchangeable surface sites 
may be difficult to determine. To identify the optimum Ns value for all three sorbents, 
surface site density values between 2 and 8 sites nm-2 were used in the PHREEQC 
program and adjusted along with the intrinsic acidity constants, for a best overall fit.  The 
range of 2 to 8 sites nm-2 was chosen because this range is most commonly used in 
surface complexation modeling (e.g. Sigg and Stumm (1980); Dzombak and Morel 






Kent (1990) recommended 2.31 sites nm-2 for all modeling, which is consistent with 
Dzombak and Morel (1990).  
2.6. Geochemical modeling of acid-base titration data using the generalized two-layer 
surface complexation model with PHREEQC program 
 
The generalized two-layer model (Dzombak and Morel, 1990) is a surface 
complexation model in the PHREEQC program (Parkhurst and Appelo, 1999), and was 
used to describe the adsorption reactions occurring on each sorbent. Surface 
complexation models, such as the generalized two-layer model, have an advantage over 
conditional distribution coefficients because they describe surface reactions with quasi 
thermodynamic constants which are independent of changes in solution concentrations 
(Hayes, 1987). A key component of the generalized two-layer model is the diffuse layer 
model proposed by Stumm et al. (1970) and Huang and Stumm (1973) where the oxide-
water interface comprises a surface layer for specifically sorbed ions and a diffuse layer 
of counter-ions in solution. The surface charge is determined by proton adsorption and 
desorption (equations (2) and (3)), as well as the surface coordination reactions of other 
ions (Dzombak and Morel, 1990). A diffuse layer of counter-ions in solution adjacent to 
the charged surface is assumed, with the relationship between surface charge and surface 
potential fixed by the electric double layer theory. Surface charge of the sorbent is also 
limited by the number of surface sites and, as a result, the near-surface ion densities are 
constrained to reasonable values. In addition, adjustments are made for conditions with 
high surface potential (low ionic strength) to calculate surface charge. Equations used to 
calculate the surface charge density and intrinsic equilibrium constants, as well as the 






Dzombak and Morel (1990).  Detailed descriptions of surface complexation theory can 
also be found in Davis and Kent (1990), Hayes et al. (1991), Stumm (1992), and Appelo 
and Postma (2005).  
The generalized two-layer model in PHREEQC was used to determine the 
intrinsic acidity constants 𝐾𝑎
𝑖𝑛𝑡 for proton adsorption onto a hydrated surface as described 
by the following reactions: 
 S − OH2
+ ↔ S − OH +  H+                                                  (4) 
S − OH ↔ S − O− +  H+                                                    (5) 
This was achieved by matching experimental titration curves (section 2.3 and 2.4) and 
modeled curves. The simulated acid-base titrations used the PHREEQC database. The 
program’s diffuse layer option could be used or ignored, as the same results were 
achieved with or without it in these simulations. The default option (no diffuse layer) 
accounted for the surface charge by creating an equal and opposite charge in solution 
(Parkhurst and Appelo, 1999). The mass action expressions for proton adsorption and 
desorption (using reactions (4) and (5)) and the corresponding 𝑙𝑜𝑔𝐾𝑎
𝑖𝑛𝑡 were input 
parameters. Other input parameters were: specific surface area, sorbent-to-solution ratio 
(6.67 g of sorbent L-1), a single Ns value (as Nt = mols charge L
-1), and an inert 
electrolyte (NaCl) background solution at I = 0.01 and 0.1 M. Several Ns values ranging 
from 2 to 8 sites nm-2 were tested for best fit to experimental data before narrowing to a 
single Ns value. To identify the optimum Ns value for all sorbents, both the Ns and the 
𝑙𝑜𝑔𝐾𝑎
𝑖𝑛𝑡 values were manipulated to fit with an experimentally determined titration 
curve. Once the optimum Ns value was determined, based on overall best fit for all 
sorbents, the 𝑙𝑜𝑔𝐾𝑎






fit to experimental titration data. A single 𝑙𝑜𝑔𝐾𝑎1 
𝑖𝑛𝑡 and 𝑙𝑜𝑔𝐾𝑎2 
𝑖𝑛𝑡 was determined for each 
sorbent to represent an average intrinsic acidity constant for all minerals comprising each 
sorbent. The pH of zero net proton charge (pHPZNPC) was estimated by adding  𝑝𝐾𝑎1 
𝑖𝑛𝑡 and  
𝑝𝐾𝑎2 
𝑖𝑛𝑡 and dividing by 2. 
2.7. Fluoride batch adsorption experiments 
The method for conducting fluoride batch adsorption experiments was modified 
from Hao and Huang (1986). For ease of comparison, the fluoride concentrations in the 
following sections will be presented in millimoles (mmol) rather than milligrams (mg), 
with both units presented where possible. To set up the batch adsorption experiments at 
varied pH, 0.2 g of sorbent at a grain size 0.5 to 1.0 mm (unless noted otherwise) was 
added to a Nalgene® polypropylene copolymer centrifuge tube; 1 M NaCl was added to 
achieve the desired ionic strength; 52.64 mmol L-1 (1000 mg L-1) NaF fluoride standard 
was added to attain a final fluoride concentration of 0.53 mmol L-1 (10 mg L-1); the 
desired pH was obtained using 0.1 N HCl or 0.1 N NaOH; and deionized water was 
added to bring the total volume of the reactor to 30 ml for a sorbent-to-solution ratio of 
6.67 g L-1. Batches of twelve to sixteen slurry-filled centrifuge tubes were rocked back 
and forth for 24 hours using a Labquake®. After rotation, the tubes were centrifuged for 
30 minutes at 26,890 g RCF. Ten ml of the supernate was removed for pH analysis using 
an Accumet® Research AR 20 pH meter and probe, and for fluoride analysis using an 
Orion 4-Star meter and fluoride ion selective electrode, with TISAB III added to the 
supernate just before fluoride analysis (Hao and Huang, 1986; APHA, 1998). Each probe 
was calibrated before use. Calibration checks were conducted on the fluoride probe every 






The method for the fluoride loading batch adsorption experiments was similar to 
that described above, but with the pH kept constant and the fluoride concentration varied. 
Also, the sorbent was first rotated 24 hours in Nalgene® polypropylene copolymer 
centrifuge tubes in a NaCl solution of ionic strength 0.01 M. After 24 hours the pH was 
measured and adjusted to approximately 6.9 to 7.0, which is within the pH range of high 
fluoride groundwater in the study area. Once the initial pH was stable, fluoride was added 
to each centrifuge tube in concentrations ranging from 0.026  to 1.58 mmol L-1 (0.5 to 30 
mg L-1) for the bauxite and laterite, and 0.026  to 3.16 mmol L-1 (0.5 to 60 mg L-1) for the 
activate alumina. The slurries were rotated another 24 hours before reading the fluoride 
concentrations and pH. This approach was used because fluoride adsorption will increase 
pH slightly due to ion exchange with hydroxide (OH-).  
2.8. Geochemical modeling of fluoride adsorption data using the generalized two-layer 
surface complexation model with PHREEQC program 
 The generalized two-layer model was used to identify the fluoride adsorption 
reactions onto each of the three sorbents using the same input parameters described in 
section 2.6. The model curves were matched with experimental fluoride adsorption 
curves for both fluoride adsorption vs. pH and fluoride loading (pHo ~6.9) and ionic 
strength of 0.01 M NaCl. The constants for the following fluoride adsorption reactions 
(Karamalidis and Dzombak, 2010) were adjustable input parameters: 
S − OH + F− +  H+ ↔ S − F +  H2 O                                      (6) 
S − OH +   F− ↔  S − OHF−                                                   (7) 
S − OH +   2F− +  H+  ↔  S − F2
−  +  H2O                             (8) 
To identify the appropriate fluoride adsorption reactions and corresponding equilibrium 






corresponding equilibrium constant treated as an adjustable parameter. Only the fluoride 
adsorption reactions that improved the model fit to experimental data were used. The 
same set of adsorption reactions and corresponding equilibrium constants was used for 
the fluoride adsorption vs. pH curves and for fluoride loading at constant pH. 
2.9. Calculating the Freundlich and Langmuir isotherms and distribution coefficients        
 A common empirically based method for analyzing sorption is through the use of 
partition coefficients and isotherms (Honeyman and Leckie, 1986). Because these 
parameters and relationships are dependent upon the chemical composition of the 
aqueous solutions, many scientists consider them unsatisfactory (Kent et al., 1986; 
Honeyman and Santschi, 1988; Davis et al., 1990). However, because they are both 
widely used and simple, the Freundlich and Langmuir isotherms were calculated from the 
experimental data collected as described in section 2.7 to estimate the macroscopic 
distribution of fluoride in bulk solution and that adsorbed to each of the three sorbents at 
grain size 0.5 to 1.0 mm, with equilibrium conditions assumed. The Freundlich equation 
is: 
𝑠𝑖 =  𝐾𝐹  𝑐𝑖
𝑛                                                                         (9) 
where, s is the sorbed concentration (mmol F- sorbed g-1 sorbent); i is F-; c is the solute 
concentration (mmol F- L-1); and KF and n are adjustable coefficients. The Freundlich 
distribution coefficient (KF) has the units of mmol F
- sorbed per g sorbent while the value 
for n, which measures the degree of non-linearity, is usually less than one (Stumm and 
Morgan, 1996). The Freundlich coefficients were calculated using the experimental data 
and the logarithm of equation (9): 






The above linearized form was then plotted with the log of the adsorbed concentration 
(si) on the y-axis and the log of the solution concentration (ci) on the x-axis. The slope is 
n and the y-intercept is logKF.  
The Freundlich equation is a simple way to plot data empirically. Surface 
heterogeneity is incorporated into the equation, and it describes adsorption by assuming 
an unlimited number of adsorption sites (Stumm, 1992; Appelo and Postma, 2005). In 
contrast, the Langmuir equation assumes a finite number of adsorption sites which is 
considered more realistic. Also, the surface sites are treated as homogenous with no 
lateral interactions among the binding sites. The Langmuir equation can be derived from 
the law of mass action and has a more theoretical background than the Freundlich 
equation (Stumm, 1992; Appelo and Postma, 2005). The equation has the following 
form: 
𝑠𝑖  =  𝑠𝑚𝑎𝑥
  𝐾𝐿𝑐𝑖
1+𝐾𝐿 𝑐𝑖
                                                               (11) 
where s, i, and c are identical to those components described above for the Freundlich 
equation, with smax the  maximum mmol F
- adsorbed per g of sorbent, and KL is the 
Langmuir coefficient (L per mmol F- dissolved). The Langmuir coefficient was 
calculated using Solver in Microsoft Excel®. The assumed reaction for fluoride 
adsorption described by the above Freundlich and Langmuir isotherms is:  
               S − OH + F− ↔ S − F + OH−                                            (12) 








2.10. Comparing the fluoride adsorption capacity at identical number of surface sites 
(4.3 mmol L-1) under varied solution conditions 
 The fluoride adsorption capacity of bauxite, laterite, and activated alumina at 
grain size 0.5 to 1.0 mm was compared under conditions with equal mmols of surface 
sites per liter and three solution conditions. One solution was groundwater collected in 
the study area with a fluoride concentration of 0.21 mmol L-1 (4.0 mg L-1), and pH of 7.8 
(the pH at time of collection was 7.5 so the solution had aged, with some precipitation 
likely). The other two solutions were mixed in the laboratory with an ionic strength of 
0.01 M NaCl and initial fluoride concentration of 0.27 mmol L-1 (5.17 mg L-1). One lab 
mixed solution had an initial pH of 6.9, and the other was lowered to 4.5 for bauxite and 
laterite, and 5.5 for activated alumina. The lower pH was set to maximize fluoride 
adsorption. The sorbent-to-solution ratio for bauxite was 105 g L-1, for laterite it was 26 g 
L-1, and for activated alumina it was 2 g L-1. The resultant number of sorption sites for all 
sorbents was 4.3 mmol L-1 (at surface site density 4.5 sites nm-2). The experimental set up 
was similar to that used in section 2.7 for fluoride batch adsorption experiments, but with 
the above sorbent-to-solution ratios. Also, after 24 hours rotation, these samples were 
filtered with 0.4 µm filter paper rather than centrifuged as described in section 2.7. The 
pH and fluoride concentrations were measured as described in section 2.7. 
2.11. Determining metals dissolution at low pH, high pH, and fluoride induced 
 To determine whether notable dissolution had occurred, batch experiments were 
conducted on each sorbent at pH 4.0 to 4.4 and at pH 9.8, with each solution analyzed for 
dissolved metals.  The three sorbents were also evaluated for possible fluoride induced 






and initial fluoride concentration of 0.26 and 0.53 mmol L-1 (5 and 10 mg L-1 
respectively). The experimental set up was similar to the batch experiments described in 
section 2.7. The solution was 0.01 M NaCl, and the sorbent-to-solution ratio was 6.67 g 
L-1 for the solutions containing fluoride and 30 g L-1 for the solutions with no fluoride.  
The solutions were rotated for about 24 hours, then filtered with 0.1 or 0.4 µm filter 
paper, acidified, and analyzed via inductively coupled plasma mass spectrometry (ICP-
MS) for dissolved aluminum (all sorbents), dissolved iron (bauxite and laterite), and 
dissolved silica (laterite) using EPA Method 200.7.  The detection limit for dissolved 
aluminum was 1.67 (10-3) mmols L-1 (0.045 mg L-1), for iron 1.79 (10-4) mmols L-1 
(0.010 mg L-1), and silica 1.66 (10-3) mmols L-1 (0.1 mg L-1). The dissolved metal 
concentrations of samples with a sorbent-to-solution ratio of 30 g L-1 were re-calculated 
and presented with a sorbent-to-solution ratio of 6.67 g L-1. 
3. Results  
3.1. Physical and chemical characteristics 
3.1.1. Physical characteristics: BET surface area, BJH pore area and volume, t-plot 
analysis of microporosity, and SEM analysis of surfaces 
 
 The BET method was used to determine surface area, and the BJH method was 
used to determine pore area and volume for pores in the range of 1.7 to 300 nm (Table 
4.1), both of which were calculated via N2(g) gas adsorption and desorption isotherms for 
each sorbent. The BET determined surface area can be unreliable for determining surface 
area, especially if there is extensive microporosity (<2 nm). Although Sing (1989) noted 
that the BET method for determining surface area can be fairly accurate if the sorption 






microporosity. For the three sorbents, the N2(g) sorption isotherms were type IV with a 
type H3 hysteresis loop (Fig. 4.1a, c, e) (see Sing, 1989; Leofanti et al., 1998; Hay et al., 
2011)), and the monolayer capacity was identified. In addition, the BET c parameter 
(Davis and Kent, 1990) was 86 for activated alumina, 278 for bauxite, and 366 for laterite 
which is generally considered indicative of mesopore (2 to 50 nm) dominated sorbents. 
Gregg and Sing (1982) consider c values between 50 and 150 a valid range indicating no 
microporosity, but Davis and Kent (1990) found that sorbents with values as high as 475 
may also show no microporosity. Similar to the BET method for determining surface 
area, the BJH method for determining pore area, size, and volume is widely used; but 
Gregg and Sing (1982) consider it an unreliable method for determining pore size 
distribution from type IV isotherms with an H3 hysteresis loop. Although Leofanti et al. 
(1998) noted that, if the sorbent is dominated by mesopores, the BJH method can 
determine mesopore size distribution and volume fairly well.  
Table 4.1. The BET specific surface area, BJH cumulative pore area and volume using adsorption curve 
only (pores size between 1.7 and 300 nm diameter). The grain size was 0.5 to 1.0 mm for all sorbents.  
 
Sorbent 
        Surface Area 
           (m2 g-1) 
  Pore Area 
    (m2 g-1) 
         Pore Volume  
            (cm3 g-1) 
Act. alumina           288.9              281.4                 0.35   
Gh. bauxite              5.5                 5.2                 0.01 
N. laterite             21.9               18.1                 0.02 
 
In Table 4.1 the BET specific surface area and BJH cumulative pore area and 
volume (pores between 1.7 and 300 nm diameters) are presented. Because of the 
uncertainty of the BJH pore area values, it is assumed that the results presented in Table 
4.1 indicate that surface area and pore area are essentially the same. The surface and pore 






either bauxite or laterite. At grain size 0.5 to 1.0 mm, the surface area of activated 
alumina is over fifty times higher than bauxite, and thirteen times higher than laterite. 
 
Act. Alumina

































































































































































Fig. 4.1. N2(g) adsorption and desorption isotherms for (a) activated alumina, (c) Ghana bauxite, and (e) 
Namoo laterite; and t-plots of N2(l) adsorption and desorption isotherms for (b) activated alumina, (d) 







In addition to the above methods for determining surface area and porosity, the t-
plot method was applied since it is effective at determining whether micropores are 
present. Sorption isotherms and corresponding t-plots are presented in Fig. 4.1. Table 4.2. 
The first linear portion of the t-plot indicates whether micropores are present by a non-
zero intercept, which also measures the micropore volume. The surface area using the t-
plot was also determined from the slope of the lowest linear portion of the curve (Davis 
and Kent, 1990). The Bauxite has no micropores, as indicated by a straight line going 
through zero and the sharp upward deviation of the adsorption and desorption curves 
from the straight line at increased t values (Fig. 4.1d), which is indicative of mesopores 
(Storck et al., 1998). Laterite has micropores as indicated by a non-zero intercept for the 
lowest t values from 0.3 to 0.5 nm and y-intercept at 2.2 mm3 g-1 micropore volume (de 
Boer et al., 1966; Davis and Kent, 1990; Storck et al., 1998; Hay et al., 2011). Laterite 
has another linear portion at t = 0.7 to 1.7 nm and y-intercept at 7.2 mm3 g-1 pore volume 
(Fig. 4.1f). The laterite desorption curve is linear portion between 0.7 and 1.2 nm film 
thickness, with a y-intercept of 9.9 mm3 g-1 pore volume. The t-plot for activated alumina 
has a straight line with a zero intercept for the lowest t values, which also suggests an 
absence of micropores and a second line with a y-intercept at 148 mm3 g-1 pore volume, 
and film thickness t = 1.0 to 1.5 nm. The desorption curve the linear portion of the 
desorption curve is between t = 1.0 and 1.2 nm with a y-intercept of 186 mm3 g-1 pore 
volume (Fig. 4.1b). The shape of the t-plot for laterite (and possibly activated alumina) 
indicates the presence of both micropores and mesopores, while the shape of the t-plot for 
bauxite indicates the presence of mesopores only (Storck et al., 1998). The BET surface 






while for activated alumina the values vary by a little under 4%, and for laterite by nearly 
26%.  
Table 4.2. The BET c value, t-plot calculated surface area, film thickness (t), and corresponding pore 
volume. Adsorption = (ads) and desorption = (des) curves from t-plots in Fig. 4.1. The grain size was 0.5 to 
1.0 mm for all sorbents.  
 
Sorbent 
        BET  
           c 
  Surface Area 
      (m2 g-1) 
    Film thickness 
         (nm) 
 Micropore Volume  
(cm3 g-1) 
Act. alumina (ads)    86         279.1a        1.0-1.5               (0.148)c   
Act. alumina (des)                   86         279.1a        1.0-1.2               (0.186)c 
Gh. bauxite (ads)    278           5.5a          NA 0.0 
Gh. bauxite (ads)                  278           5.5a          NA 0.0 
N. laterite (ads)         366          16.9b  0.3-0.5; 0.7-1.7         0.0022 (0.0072)c 
N. laterite (des)         366          16.9b        0.7-1.2                              (0.0099)c 
aZero y-intercept for regression line - lowest linear portion of t-plot. 
 bPositive y-intercept (2.2 mm3 g-1 for regression line - lowest linear portion of t-plot. 
cThe volumes in parentheses likely also include the low end of mesopores (2-50 nm). Activated alumina 
may not have micropores. 
 
Finally, in order to view the surface of each sorbent at the microscopic level, SEM 
images were taken of sorbent samples that were first soaked in deionized water for two 
weeks. The images of Namoo laterite, Ghana bauxite, and activated alumina are 
presented in Fig. 4.2. The most notable difference in the three images is with Ghana 
bauxite, which has a more open and smooth surface structure than laterite or activated 
alumina.  
Fig. 4.2. Scanning electron microscopy (SEM) analysis of the three sorbents after soaking for two weeks in 
de-ionized water for (a) activated alumina, (b) Ghana bauxite, and (c) Namoo laterite. All images are 












Table 4.3. The major oxide compositions of the three sorbents. Activated alumina and Ghana bauxite were 
analyzed using XRF; and Namoo laterite was analyzed using ICP-OES. Al2O3, Fe2O3, and SiO2 were the 











Act. alumina 99.4 0.0 0.0 99.4 
Gh. bauxitea 70.9 23.6 2.2 99.3 
N. laterite 13.5 36.8 45.7 96.0 
aThe other oxide identified in bauxite using XRF was TiO2 at 2.6%. 
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aActivate alumina is more than 50% Al2O3 determined from semi-quantitative XRD analysis; bkaolinite 
contains silica and aluminum oxide; cmicrocline contains silica and aluminum oxide. 
 
3.1.2. Geochemical characteristics: XRD and XRF analysis 
 
The oxide distribution of the three sorbents is presented in Table 4.3; and Table 
4.4 presents the major minerals comprising each sorbent. Bauxite is primarily Al2O3 at 
70.9% (identified as mostly gibbsite according to XRD analysis). Bauxite also contains 
Fe2O3 (as hematite) at 23.6%, and 2.2% SiO2 (in kaolinite; Tables 4.3 and 4.4). Nearly 
half of Namoo laterite is SiO2 (quartz, microcline, kaolinite), followed by Fe2O3 at 36.8% 
(as hematite and goethite), and 13.5% Al2O3 (within the microcline and kaolinite 
structures). Activated alumina is essentially pure Al2O3 at 99.4% and was identified via 
XRD as γ-Al2O3 and boehmite (γ-AlOOH).  Boehmite is a precursor to activated alumina 
during the temperature driven dehydroxylation process (Wefers and Misra, 1987; 






dehydroxylation to form activated alumina during manufacturing; or it could be from 
aging and the result of the attachment of water vapor in the air during storage. 
3.2. Determining metals dissolution at low pH, high pH, and fluoride induced 
The results of aluminum, iron, and silica dissolution at low and high pH are 
presented in Table 4.1S. Some dissolution was observed at pH 4.0 to 4.4 and at pH 9.8 
for all sorbents. At low pH the solubility was not notable for any of the sorbents (all 
under 1.5 (10-3) mmol L-1). Dissolution of aluminum was one to two orders of magnitude 
higher at pH 9.8 than at pH 4.0 to 4.4 for all sorbents. Iron dissolution from laterite was 
also an order of magnitude higher at pH 9.8 than at pH 4.4, with some silica dissolution 
from laterite occurring at high pH (dissolution not measured at low pH). Activated 
alumina showed the greatest dissolution at 7.5 (10-2) mmol L-1, which occurred at pH 9.8.  
 Dissolution of aluminum oxides, such as bayerite and boehmite, can also occur as 
a result of fluoride adsorption at high fluoride concentrations (Nordin et al., 1999). 
Because the intake of dissolved aluminum is a possible health risk, the WHO (2008) 
recommends a limit of 3.7 (10-3) mmol L-1 (0.1 mg L-1). Therefore, as a protective 
measure, dissolved aluminum (and iron) was measured for samples after rotating 24 
hours in fluoridated water. The results of dissolution of aluminum and iron due to 
fluoride adsorption (pH ~7) are presented in Table 4.2S. The dissolution of aluminum 
from activated alumina is below the detection limit. The dissolution of iron in bauxite and 
laterite is also below the detection limit. However, there is some dissolution of aluminum 
from bauxite at initial fluoride concentration of 0.26 mmol L-1 (5 mg L-1), and from 
laterite at initial fluoride concentration of 0.53 mmol L-1 (10 mg L-1). For both sorbents 






recommended secondary drinking water standard for aluminum of 1.85 (10-3) to 7.41 (10-
3) mmol L-1 (0.05 to 0.2 mg L-1) (USEPA, 2014)), and well under the WHO 
recommended limit of 3.7 (10-3) mmol L-1 (0.1 mg L-1) for small water treatment facilities 
(WHO, 2008).  
3.3. Determining the optimum surface site density values by modeling titration data 
Table 4.3S lists several surface site density (Ns) values, as determined from 
previous studies, for the minerals present in activated alumina, Ghana bauxite, or Namoo 
laterite (Table 4.4). The method used to determine Ns is also listed for each value. For 
this work, one complication in choosing a representative Ns value is that bauxite and 
laterite contain several minerals (Table 4.4, 4.3S), and even the activated alumina 
contains boehmite. After running several simulations for each sorbent using the 
generalized two-layer model in the PHREEQC program, the value of 4.5 sites nm-2 was 
chosen for all of the modeling, due to the best overall fit for the three sorbents. 
3.4. Determining pH dependent surface charge 
The H+ adsorbed to or desorbed from each sorbent vs. pH is presented in Fig. 4.3. 
The titration curves for activated alumina are not as smooth as those for laterite and 
bauxite. This is probably because the titrations with activated alumina were continued 
even when the pH did not stabilize, in order to maintain a 5-10 minute pH stabilization 
time for each increment of titrant added. The activated alumina titration curves show an 
expected increase in proton uptake and release with ionic strength (Fig. 4.3a, b). The 
laterite titration curves also show the expected increase in proton uptake and release with 
ionic strength (Fig. 4.3e, f). In contrast, the bauxite titration curves show almost no 
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Fig. 4.3. H+ surface charge (protonated/deprotonated) vs. pH calculated with the generalized two-layer 
model, and from experimental titration data for (a) activated alumina, I = 0.01 M, (b) activated alumina, I = 
0.1 M, (c) Ghana bauxite, I = 0.01 M, (d), Ghana bauxite, I = 0.1 M, (e) Namoo laterite, I = 0.01 M, and (f) 
Namoo laterite, I = 0.1 M. The left y-axis presents mmol ch. L-1 and the right y-axis presents µmol ch. m-2. 
The total surface site density for all calculations was set at 4.5 sites nm-2, and the acidity constants were 
adjusted for a best fit with experimental data. The grain size was 0.5 to 1.0 mm, and the sorbent-to-solution 
ratio was 6.67 g L-1 for all experimental titrations. 
 
In conducting the titrations, the starting pH for each acid and base titration varied 
somewhat – particularly with the poly-mineralic sorbents bauxite and laterite. Therefore, 
when plotting the curves described above, the average initial pH value for the coupled 






since it is a mono-mineralic sorbent. For example, the range for 11 titrations was 8.24 to 
8.44 with an average value of 8.37. While for Ghana bauxite the starting pH ranged from 
6.69 to 7.72 with an average value of 7.18 (n = 6). The initial pH values for Namoo 
laterite varied the most, which was probably due to its more complex mineralogy. The 
range was 6.48 to 8.41 with an average of 7.64 (n = 6). The starting pH range of the 
titrations presented in Fig. 4.3e and 4.3f was between 6.83 and 7.80, however. 
Table 4.5. Modeling of titration data with experimental data to estimate the intrinsic acidity constants 
 (𝑝𝐾𝑎1
𝑖𝑛𝑡  and 𝑝𝐾𝑎2
𝑖𝑛𝑡) using the generalized two-layer model. The total surface site density was fixed at 4.5 
sites nm-2, and the intrinsic acidity constants were adjusted for a best fit curve with experimental titration 
data. The pHPZNPC was calculated by adding intrinsic acidity constants and dividing by two. 
Sorbent: Activated Alumina Ghana Bauxite Namoo Laterite 
I (M): 0.01 0.1 0.01 0.1 0.01 0.1 
𝒑𝑲𝒂𝟏
𝒊𝒏𝒕  5.1  5.0 6.4 4.4 4.2 4.5 
𝒑𝑲𝒂𝟐
𝒊𝒏𝒕 11.1       10.7 7.4 9.0 9.6 9.6 
 𝐩𝐇𝐏𝐙𝐍𝐏𝐂
  8.1 7.9 6.9 6.7 6.9 7.1 
 
3.5. Modeling surface charge and calculating intrinsic acidity constants and pHPZNPC 
using the generalized two-layer model with PHREEQC program 
  The intrinsic acidity constants were determined using the generalized two-layer 
model by making  𝑙𝑜𝑔𝐾𝑎
𝑖𝑛𝑡 adjustable parameters for a best fit with experimental data. 
The surface site density was set at 4.5 sites nm-2 for all sorbents. Fig. 4.3 presents the 
model and experimental curves for mmols H+ adsorbed or desorbed L-1 (left y-axis) and 
µmols m-2 sorbent (right y-axis) vs. pH. The best fit 𝑝𝐾𝑎
𝑖𝑛𝑡 values as well as the pHPZNPC 
are presented in Table 4.5. The model curves fit the experimental curves well to 





































Activated Alumina 0.01 M








Model  Total F
-
 ads: Al diss
























































Model  Total F
-
 ads
























































Namoo Laterite 0.01 M











 Model Total F
-
 ads



















Fig. 4.4. Experimentally determined percent fluoride (F-) adsorption vs. pH at I = 0.1, 0.01, and 0.001 M 
NaCl for (a) activated alumina, (c) Ghana bauxite, and (e) Namoo laterite; and adsorbed mmols F- L-1 vs. 
pH at I = 0.01 M for (b) activated alumina (including  model simulation with aluminum dissolution), (d) 
Ghana bauxite, and (f) Namoo laterite. The black and grey symbols represent experimental data; and 
colored lines represent the modeled results. The brown curve in each figure represents overall fluoride 
adsorption vs. pH at I = 0.01 M, and the other colored curves in (b), (d), and (f) describe the specific 
fluoride adsorption reactions – all using the generalized two-layer model. The pH range of fluoride-rich 
groundwater is presented by the bar in each figure on the left. The initial fluoride concentration was 0.53 









3.6. Fluoride adsorption capacity 
3.6.1. Fluoride adsorption vs. pH at I = 0.1, 0.01, and 0.001 M  
The fluoride adsorption capacity as a function of pH for Namoo laterite, Ghana 
bauxite, and activated alumina was determined at three ionic strengths to determine 
whether changes in ionic strength influence fluoride adsorption (Fig. 4.4a, c, e). The 
percent fluoride adsorbed was calculated as the difference between the initial fluoride 
concentration 0.53 mmol L-1 (10 mg L-1) and the final concentration remaining in 
solution, divided by the initial fluoride concentration, and then multiplied by 100. With 
each set of batch adsorption experiments, the pH was varied between 4 and 10 in order to 
identify the optimum pH range for fluoride adsorption of the three sorbents.  
In the pH range of 6.5 to 7.5, Ghana bauxite adsorbs 10% to 8.9% of fluoride; and 
Namoo laterite, in the same pH range, adsorbs 10% to 5.5% of fluoride (Fig. 4.4).  Ghana 
bauxite shows its highest fluoride adsorption at pH from 5.5 to pH 4 (approximately 40 to 
45% sorption), while Namoo laterite does not adsorb 40% or more fluoride until the pH is 
approximately 4.5 or lower. In comparison, the activated alumina adsorbs 99% of 
fluoride at pH between 5.5 and 6.5 (with initial pH about 0.5 lower, since fluoride 
adsorption increases pH slightly), and maintains a fluoride adsorption of 92-95% at pH 
7.5 (Fig. 4.4).  
There is no notable difference in fluoride adsorption capacity with change in ionic 
strength for any of the sorbents, which indicates that ionic strength does not influence the 
fluoride adsorption capacity (Fig. 4.4). This behavior suggests a strong chemical 
interaction rather than a weaker electrostatic attraction (Stumm, 1992). These bonding 






                                ΔGdes = ΔGchem + ΔGcoul                                                        (13)                                                        
The ΔGdes term is the energy of desorption; the coulombic term, ΔGcoul, describes the 
electrical work required to move ions from a charged surface; and ΔGChem is the intrinsic 
chemical energy between ions and surface atoms. That fluoride does not respond to 
differences in ionic strength for any of the sorbents suggests the electrostatic effect 
(ΔGcoul), which depends on surface charge (Appelo and Postma, 2005), has much less 
influence than the intrinsic chemical energy (ΔGchem) on fluoride adsorption (Stumm, 
1992; Appelo and Postma, 2005).  
3.6.2. Fluoride loading at I = 0.01 M and pHo 6.9 
The amount of fluoride adsorbed to activated alumina, Namoo laterite, and Ghana 
bauxite after 24 hours is presented in Fig. 4.5 in mmol F- L-1 (left y-axis) and µmol F- m-2 
sorbent (right y-axis).  The results presented in Fig. 4.5 indicate that, at 6.67 g sorbent L-1 
and neutral pH, activated alumina has dramatically higher adsorption per liter than 
bauxite and laterite (Fig. 4.5a, b, c left y-axis).  
However, bauxite adsorbs much more fluoride per unit area than activated 
alumina which is slightly better than laterite (Fig. 4.5a, b, c right y-axis). For all of the 
sorbents, at very high sorbate concentrations surface precipitation may be occurring along 
with adsorption (Dzombak and Morel, 1990; Stumm, 1992; Sparks, 1995). If surface 
precipitation has occurred, which is not known, it would contribute to the apparent 








Table 4.6. Equilibrium constants for fluoride adsorption reactions using the generalized two-layer model. 
The corresponding fluoride adsorption reactions are: logK1 = reaction (6), logK2 = reaction (7), and, log K3 
= reaction (8). X = no equilibrium constant. The total surface site density was fixed at 4.5 sites nm-2, and 
the equilibrium constants were adjusted for a best fit curve with experimental fluoride adsorption data. 
Sorbent    LogK1 LogK2 LogK3 
Act. alumina            10.3 2.9 X 
Gh. bauxite            10.0                  2.8 12.0 
N. laterite              X 3.0 X 
 
3.7. Modeling fluoride adsorption using the generalized two-layer model with PHREEQC 
program 
 
3.7.1. Modeled fluoride adsorption vs. pH at I = 0.01 M 
The modeled curves for overall fluoride adsorption vs. pH at I = 0.01 M compare 
well with experimental data for the three sorbents (Fig. 4.4a, c, e). Except that the 
modeled activated alumina curve of F- adsorption vs. pH only fits experimental data at 
low pH if the simulation includes dissolved aluminum (0.9 mmol L-1) in solution and the 
LLNL (Lawrence Livermore National Laboratory) database is used instead of the 
PHREEQC database (Fig. 4.4b) - although the adsorption reactions and corresponding 
equilibrium constants for activated alumina are not affected by the presence or absence of 
dissolved alumina. The equilibrium constants for each fluoride adsorption reaction of the 
three sorbents are presented in Table 4.6. In Fig. 4.4b, d, f the fluoride adsorption 
reactions occurring are also modeled. Below pH 8 (approximate pHPZNPC), activated 
alumina adsorbs fluoride primarily via ion exchange (S-F in Fig. 4.4b and reaction (6)), 
and above pH 8 adsorbs fluoride primarily via adsorption onto the surface hydroxyls (S-
OHF- in Fig. 4.4b, and reaction (7)). Fluoride adsorption onto bauxite requires reactions 
(6), (7), and (8) for an optimum fit with experimental data (Fig. 4.4d). However, fluoride 
adsorption via ion exchange (S-F in Fig. 4.4d, and reaction (6)) dominates. According to 






and bauxite in that there is no ion exchange occurring (Fig. 4.4f). Instead fluoride adsorbs 
onto surface hydroxyls exclusively (S-OHF- and reaction (7)).  
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Fig. 4.5. The distribution of fluoride (F-) adsorbed and fluoride concentration remaining in solution for (a) 
activated alumina, (b) Ghana bauxite, and (c) Namoo laterite The black circles represent experimental data 
and the colored curves describe the specific fluoride adsorption reactions using the generalized two-layer 
model. The left y-axis presents adsorbed mmol F- L-1 and the right y-axis presents adsorbed µmol F- m-2. 
The ionic strength was 0.01 M NaCl; the grain size was 0.5 to 1.0 mm; and the sorbent-to-solution ratio 






3.7.2. Modeled fluoride loading at pHo 6.9 and I = 0.01 M 
 
 In addition to modeling fluoride adsorption at initial fluoride concentration of 
0.53 mmol L-1 (10 mg L-1) vs. pH in the previous section, adsorption was modeled to fit 
experimental data at initial pH of approximately 6.9, I = 0.01 M, and varied fluoride 
concentrations (Fig. 4.5). The fluoride adsorption reactions and equilibrium constants 
used to model fluoride adsorption vs. pH in the previous section were also used to model 
the fluoride loading in this section (Table 4.6). Fluoride adsorption onto activated 
alumina (Fig. 4.5a) is dominated by ion exchange (S-F in Fig. 4.5a and reaction (6)) at 
low fluoride concentrations, and becomes dominated by fluoride adsorption onto the 
surface hydroxyl (S-OHF- in Fig. 4.5a and reaction (7)) at elevated fluoride 
concentrations. Also, at increased fluoride concentrations the modeled adsorption curve 
shows less adsorption than the experimental curve. Fluoride adsorption onto bauxite 
occurs primarily via ion exchange (S-F in Fig. 4.5b and reaction (6)) at all concentrations. 
The modeled curve fits the experimental curve fairly well at all fluoride concentrations, 
though slightly lower than the experimental curve at low fluoride concentrations. Laterite 
adsorbs fluoride exclusively via fluoride adsorption onto surface hydroxyls (S-OHF- Fig. 
4.5c and reaction (7)). Similar to activated alumina, at elevated fluoride concentrations 
the modeled curve shows lower fluoride adsorption than the experimental curve.  
3.8. Freundlich and Langmuir isotherms and coefficients 
 The coefficients for the Freundlich (KF) and Langmuir (KL) isotherms using 
experimental fluoride loading data for Namoo laterite, Ghana bauxite, and activated 
alumina are presented in Table 4.7. Activated alumina has the highest KF and KL 






for either laterite or bauxite. Experimentally, the laterite and bauxite showed similarly 
low adsorption at initial fluoride concentration of 0.53 mmol L-1 (10 mg L-1) and pH near 
neutral (Fig. 4.4), with bauxite generally a few percent higher (Section 3.6.1). When 
modeled to estimate the adsorption coefficients, the KF and KL values are higher for 
bauxite than for laterite (Table 4.7).  
Table 4.7. Coefficients of Freundlich and Langmuir adsorption isotherms for Namoo laterite, Ghana 
bauxite, and activated alumina calculated from data presented in Fig. 5 (using adsorbed mmol F- g-1 sorbent 
instead of adsorbed mmol F- L-1). The initial pH was approximately 6.9; the ionic strength was 0.01 M 
NaCl; the grain size was 0.5 to 1.0 mm; and the sorbent-to-solution ratio was 6.67 g L-1.  
                           
 Sorbent 
            Freundlich (KF) 
(mmol F adsorbed per g sorbent) 
      Langmuir (KL)  
(L per mmol F dissolved) 
Act. alumina       0.177        [n = 0.43; r2 = 0.95] 7.3  [max mmol F ads g-1 = 0.187]        
Gh. bauxite       0.013        [n = 0.43; r2 = 0.99] 4.9  [max mmol F ads g-1 = 0.015]       
N. laterite       0.010        [n = 0.71; r2 = 0.98] 2.9  [max mmol F ads g-1 = 0.012]         
 
3.9. Comparing fluoride adsorption at 4.3 mmol L-1 surface sites 
The fluoride adsorption capacity of activate alumina, bauxite, and laterite at equal 
millimoles of surface sites per liter was evaluated for three high-fluoride solutions with 
the results presented in Table 4.8. For all three solutions, activated alumina has the 
greatest fluoride adsorption capacity per gram, followed by laterite. But bauxite has the 
greatest fluoride adsorption capacity per unit area, followed by activated alumina. As 
expected for all sorbents, adsorption improves at pH 4.5 for laterite and bauxite, and 5.5 
for activated alumina. Fluoride adsorption using the groundwater collected in the study 
area is lower than adsorption using the laboratory mixed solutions, but the higher 
groundwater pH (7.8, aged sample – original pH 7.5) will inhibit fluoride adsorption. 
Major ions were not determined for this sample, but the general assumption is that 







Table 4.8. Comparing adsorption capacity of the three sorbents at equal millimoles of sorption sites per 
liter (4.3 mmol sites L-1) and varied fluoridated solutions. At grain size 0.5 to 1.0 mm and 4.5 sites nm-2 for 







    Fo  
(mg L-1) 
      Fo 
 (mmol L-1) 
mmol F sorb  
g-1 sorbent 
mmol F sorb    
m-2 sorbent 
Act. alumina GW 7.8 4.00 0.21  57.10 (10-3) 1.98 (10-4) 
Gh. bauxite GW 7.8 4.00 0.21 1.20 (10-3) 2.18 (10-4) 
N. laterite GW 7.8 4.00 0.21 1.86 (10-3) 0.85 (10-4) 
Act. alumina 0.01 M 6.9 5.17 0.27  78.20 (10-3) 2.71 (10-4) 
Gh. bauxite 0.01 M 6.9 5.17 0.27 2.05 (10-3)    3.72 (10-4) 
N. laterite 0.01 M 6.9 5.17 0.27 2.35 (10-3)    1.07 (10-4) 
Act. alumina 0.01 M 5.5 5.17 0.27  81.30 (10-3)    2.81 (10-4) 
Gh. bauxite 0.01 M 4.5 5.17 0.27 2.09 (10-3)    3.79 (10-4) 
N. laterite 0.01 M 4.5 5.17 0.27 2.98 (10-3)    1.36 (10-4) 
 
3.10. Fluoride adsorption onto Namoo laterite and Ghana bauxite at two grain sizes: 63 
to 125 µm and 0.5 to 1.0 mm 
 
Fluoride adsorption of Namoo laterite and Ghana bauxite was compared at two 
grain sizes, at an ionic strength of 0.01 M NaCl and pH range from 4 and 10. The percent 
fluoride adsorbed was calculated as described in section 3.6.1. The Namoo laterite and 
Ghana bauxite were ground and sieved to grain sizes 63 to 125 µm and 0.5 to 1.0 mm to 
see if the adsorption capacity would increase significantly with decreased grain size and 
increased surface area.  For both the laterite and the bauxite, fluoride adsorption capacity 
increased to about 20% at pH 7, and at low pH it increased to 55-60% (Fig. 4.6).  
Fluoride adsorption was also modeled at grain size 63 to 125 μm and compared to 
the modeled curves at grain size 0.5 to 1.0 mm, using the same method and parameters as 
described to model fluoride adsorption vs. pH for grain size 0.5 to 1.0 mm (section 2.8). 
The input parameter that differed in modeling fluoride adsorption at grain size 63 to 125 
μm was the 5-point BET specific surface area (method in section 2.2), which was 
measured at 10.6 m2 g-1 for bauxite and 27.1 m2 g-1 for laterite, rather than the surface 






dramatically overestimated adsorption at pH below 6.5, while laterite showed only a 
slight increase in fluoride adsorption. The BET surface area for bauxite nearly doubled at 
grain size 63 to 125 μm, from 5.5 to 10.6 m2 g-1. In contrast, the BET surface area of 
laterite increased by a little under 25% from 21.9 to 27.1 m2 g-1.   
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Fig. 4.6. Percent fluoride (F-) adsorption vs. pH of (a) Namoo laterite at two grain sizes, (b) Ghana bauxite 
at two grain sizes. The black and grey symbols represent experimental data; and the colored lines represent 
the modeled results using the generalized two-layer model. The pH range of fluoride-rich groundwater is 
presented by the bar in each figure. The ionic strength was 0.01 M NaCl; the initial fluoride concentration 
was 0.53 mmol L-1 (10 mg L-1); and the sorbent-to-solution ratio was 6.67 g L-1.  
 
The discrepancy between experimental data and the model curves is not clear. 
One reason for the poor model fits to experimental data may be a result of inaccurate  
BET surface areas, in particular for laterite (see section 3.1.1). Also, metals dissolution (if 






between experimental data and model curves in the low pH range for one or both 
sorbents. A better model fit for bauxite was attained using a lower surface area of 9.5 m2 
g-1 and 0.07 mmol L-1 dissolved aluminum (Fig. 4.6b). A similar modeled curve could 
also be attained for bauxite by leaving the BET surface area at 10.6 m2 g-1 and increasing 
aluminum dissolution a bit more. The modeled fit for laterite was less responsive, but 
improved slightly using a much higher surface area of 40 m2 g-1 and 0.035 mmol L-1 
dissolved aluminum (Fig. 4.6a).  
4. Discussion 
4.1. Experimental results of fluoride adsorption at grain size 0.5-1.0 mm 
Previous adsorption studies conducted on soils indicate that, although iron oxides 
are good sorbents, aluminum and its hydrolysis species adsorb fluoride more strongly 
than iron species (Lindsay, 1979). Activated alumina - which is pure aluminum oxide and 
has very high surface area - is a particularly good sorbent for fluoride (Hao and Huang, 
1986; Farrah et al., 1987; Fletcher et al., 2006), as shown in Fig. 4.4. Fluoride adsorption 
onto activated alumina as presented in this study is consistent with similar adsorption 
studies conducted using activated alumina (Hao and Huang, 1986 and references therein). 
Bauxite is also 71% aluminum oxide (mostly as gibbsite) and 24% iron oxide (mostly as 
hematite). When comparing activated alumina with bauxite at the same sorbent-to-
solution ratio in mmols F- adsorbed L-1, activated alumina adsorbs substantially more 
fluoride than bauxite (Fig. 4.5 left y-axis). But when comparing them at the same 
sorbent-to-solution ratio in µmols F- adsorbed m-2 sorbent surface area, bauxite adsorbs 
much more fluoride than activated alumina (Fig. 4.5 right y-axis). Similarly, when 






mmols surface sites L-1 (Table 4.8), activate alumina is the better sorbent per unit weight, 
but bauxite is the better sorbent per unit area. The surface area of bauxite at 5.5 m2 g-1 is 
so much lower than activated alumina at 288.9 m2 g-1 that it cannot compare when 
measured per unit mass. To achieve equal mmols of sites L-1 in Table 4.8, for example, 
52.5 g of bauxite was needed for 1 g activated alumina. The reasons why bauxite has 
much higher fluoride adsorption capacity per unit area may be because it has more open 
pore structure (no micropores) and likely has less restricted access to internal surface 
sites than activated alumina and laterite. It may also be bauxite’s mineralogy which 
results in more types of fluoride adsorption reactions, while still being heavily dominated 
by ligand exchange (Fig. 4.4d, 4.5b and reaction (6)). 
Namoo laterite is 45.7% silica, mostly as quartz which is a very poor sorbent for 
fluoride (Fan et al., 2003), as well as kaolinite, and feldspar – also poor sorbents for 
fluoride (Coetzee et al., 2003). The abundance of quartz means that at least one third of 
the laterite surface cannot adsorb fluoride well at neutral pH. In addition, the aluminum 
oxide identified within the Namoo laterite is a minor component found within the 
assessory minerals feldspar and kaolinite (Table 4.4). As a result, hematite and goethite 
are likely the dominant fluoride sorbents in laterite. The XRD results of the Namoo 
laterite indicate that goethite is more abundant than hematite. Although the surface area 
of laterite, at 21.9 m2 g-1, is about four times higher than the surface area of bauxite, its 
fluoride adsorption capacity does not reflect this advantage, which is due in part to the 
mineralogy. The only comparison where laterite is a better sorbent for fluoride than 
bauxite is with both sorbents at 4.3 mmol sites L-1 in mmols F- adsorbed g-1 (Table 4.8). 






concentration of 0.53 mmol L-1 (10 mg L-1) or higher, laterite adsorbs fluoride almost as 
well as bauxite (Fig. 4.4d, f, and 4.5b, c left y-axis). But bauxite becomes saturated with 
adsorbed fluoride more quickly than laterite due to the low surface area, for at lower 
initial fluoride concentrations bauxite is a slightly better sorbent than laterite (Fig. 4.5b, c 
left y-axis first three points). Laterite is a much poorer sorbent than bauxite, when 
comparing adsorption capacity per unit area (at pH 6.9 and 6.67 g L-1) and is just slightly 
weaker than activated alumina at high F- loading (Fig. 4.5 right y-axis). Possibly 
activated alumina needs more time to come to equilibrium than bauxite and laterite. This 
would be particularly true if much of its surface area is deep within small pores and pores 
with small pore necks that rely on diffusion which is very slow. 
4.2. Generalized two-layer model describing fluoride adsorption reactions 
 
 The generalized two-layer surface complexation model (Dzombak and Morel, 
1990) was used to determine the fluoride adsorption reactions occurring on the surface of 
each sorbent.  Ligand exchange between the F- ion in solution and OH- at the surface 
(reaction (6)) dominated for activated alumina below pH 8 (Fig. 4.4b) and at lower 
fluoride loading (Fig. 4.5a), and for bauxite under all conditions (Fig. 4.4d, 4.5b). 
However, F- adsorption onto the surface OH- (reaction (7)), which creates a net negative 
surface charge, dominated for adsorption onto activated alumina at pH above 8 (Fig. 
4.4b) and at elevated fluoride loading (Fig. 4.5a); and it was also the only surface 
adsorption reaction onto laterite (Fig. 4.4f, Fig. 4.5c). Because a net negative charge is 
created on the surface, this is likely a weaker adsorption reaction than the ion exchange 
reaction. In addition, it seems to become a more dominant reaction when the number of 






alumina (Table 4.5 and Table 4.4S) which also creates a net negative surface charge, and 
with increased loading (activated alumina, Fig. 4.5a). The abundance of silica in laterite 
also means there will be fewer surface hydroxyls (S-OH) and adsorbed protons (S-OH2
+ ) 
at pH below neutral, due to a low pHPZC for quartz, kaolinite, and feldspars (Table 4.4S).  
The experimental curves for fluoride loading onto activated alumina and laterite 
show higher adsorption than the calculated curves using the generalized two-layer surface 
complexation model (Fig. 4.5a, c). This discrepancy between the experimental data and 
modeled curves may be due to surface precipitation, which was not incorporated into the 
modeled curves. Surface precipitation can occur at high anion concentrations, and is hard 
to distinguish from adsorption (Sposito, 1984, 1986) so this is a reasonable explanation. 
If surface precipitation is the explanation, and if the models are accurate, one question is 
why bauxite does not have the same discrepancy between the modeled and experimental 
curves (Fig. 4.5b) - particularly since the ratio between fluoride in solution and the 
number of surface sites is so high as a result of low specific surface area compared to 
laterite, and especially activated alumina. 
4.3. Freundlich and Langmuir isotherms describing macroscopic fluoride adsorption 
The results from the Freundlich and Langmuir isotherms indicate that at near 
neutral pH bauxite is a better fluoride sorbent than laterite, and activated alumina is better 
than both (Table 4.7). Bauxite should adsorb fluoride better than laterite, due to the high 
percent Al2O3 and Fe2O3, but, as stated earlier, its lower surface area reduces its 
adsorption capacity. Because the equation for determining KF assumes an unlimited 
number of adsorption sites, the Freundlich isotherm may not be ideal here, where the 






initial dissolved fluoride concentrations of the experimental data were as high as 1.58 to 
3.16 mmol L-1 (30 to 60 mg L-1). However, the Langmuir equation assumes a finite 
number of sorption sites as represented by smax. It also assumes no lateral interaction 
between sites – one that should be valid here since chemical bonding dominates and 
electrostatic interactions appear to be minimal (see section 3.6.1). Therefore, between the 
two, the Langmuir isotherm should be the more appropriate simple macroscopic model to 
estimate the distribution between fluoride in solution and that adsorbed after 24 hours 
contact time (assumed as near equilibrium conditions). However, a good fit of 
experimental data to Langmuir, or other isotherms, does not mean that adsorption alone is 
occurring (Stumm, 1992). Anion adsorption isotherms have Langmuirian characteristics 
with one dominant type of binding site (Dzombak and Morel, 1990); and, as stated in the 
previous section, at high anion concentrations surface precipitation may be occurring 
(Sposito, 1984, 1986). Therefore, the macroscopic distribution coefficients presented 
here, like the fluoride loading data, may not accurately represent fluoride adsorption onto 
any or all of the three sorbents at high concentrations if precipitation is contributing.  
4.4. Physical and chemical properties that control fluoride adsorption capacity 
4.4.1. Physical properties: surface area, surface structure, and porosity  
 
 To maximize adsorption capacity for any sorbent, a very high surface area can be 
an advantage since it increases the number of surface adsorption sites per unit area. 
Activated alumina has a specific surface area that is substantially higher than that of 
laterite, and especially bauxite. However, the surface area of most catalysts (e.g. porous 
solids) is primarily in the pore space (Leofanti et al., 1998). Similarly, large grained 






area, resulting in an increased dependence on diffusive transport and slow exchange 
times (Tokunga et al., 2003). This indicates that surface area in itself may not determine 
adsorption capacity of a sorbent if much of the reactive surface is in micropores, or pores 
with small pore necks which can hinder solute transport processes. 
The N2(g) adsorption and desorption isotherms can provide useful information 
about the pore size and structure. For a clearer quantitative understanding of micropore 
size distribution, analysis of isotherm data was conducted using a t-plot. The results 
presented in Fig. 4.1d indicate that bauxite is mesoporous, with no microporosity. This 
assessment is strengthened by the fact that the BET and t-plot calculated specific surface 
areas for bauxite are identical (Table 4.1, 4.2), since the BET method works best on 
mesoporous materials (Gregg and Sing, 1982). However laterite appears to contain both 
micropores and mesopores due to the shape of the curve in Fig. 1f and the results in Table 
4.2. The results for activated alumina regarding the presence of micropores are less clear. 
The lower curve (Fig. 1b) indicates no microporosity but, unlike bauxite (Fig. 1d), 
activated alumina has a second linear portion with a positive y-intercept and a curve 
shape suggesting the presence of micropores as well as mesopores (Storck et al., 1998). 
While the t-plot calculated surface area for activated alumina is less than 4% lower than 
the BET calculated surface area, the discrepancy between the two methods for laterite is 
around 26%. This, along with the other t-plot results (Fig. 4.1f, Table 4.2) indicate that 
laterite clearly contains micropores (including <0.6 nm).  Because activated alumina has 
higher overall surface area, it may also have a greater total volume of mesopores with 
small pore necks (and possibly micropores) than laterite (Table 4.2). Similar to this work, 






as well as BET c values in the range valid for using the BET equation (Davis and Kent, 
1990), suggesting an absence of microporosity. However in analyzing micropore size 
distribution using the t-plot method, Hay et al. (2011) also identified micropores in all 
four of the samples. Sing (1989) noted that some isotherms which appear to be type IV 
may be a combination of type I (microporous) and type IV. This could explain the 
apparent inconsistency in the above examples. It also demonstrates the wide variation in 
surface area and pore structure between many sorbents. 
Other useful information about pore structure and microporosity can be 
determined by observing trends in the N2(g) adsorption and desorption isotherms. For 
example, the hysteresis loop for all three sorbents closed at p/po of about 0.45 (Fig. 4.1), 
which corresponds to a Kelvin radius for capillary condensation (Hay et al., 2011), and to 
a pore width of about 2.4 nm for parallel sheets and 3.6 nm for cylindrical pores (Gregg 
and Sing, 1982). Also the N2(g)  isotherms – in particular the bauxite – show a sharp 
increase as p/po approaches unity (Fig. 4.1a, c, e), which suggests capillary condensation 
in slit shaped pores in-between flat or plate-like surfaces, and is commonly seen in clay 
aggregate mineral groups (Sing, 1989; Leofanti et al., 1998). The shape of the desorption 
isotherm indicates that many of the pores are controlled by pore necks that are narrower 
than the above Kelvin radius for the two shapes (Hay et al., 2011). This is particularly 
pronounced with the hysteresis pattern in the desorption curve for laterite (Fig. 4.1e, f), as 
compared to bauxite which displays the least hysteresis (Fig. 4.1c, d).  
Variation in the surface of the sorbent, such as fractures, the shape of pores, or 
whether they are open ended will influence adsorption rate and capacity. Fractures and 






even though they may be a small fraction of the total porosity, and can strongly affect 
transport of sorbing ions (Hay et al., 2011). In addition, because the exchange between 
bulk solution and the intragranular region is controlled by diffusion, reactions can be 
slow (Hay et al., 2011 and references therein). This indicates that pore structure, size, and 
shape can notably impact total adsorption as well as adsorption rates. It also suggests that 
the effectiveness of a sorbent for removing fluoride may depend on more than just the 
total surface area. Variation in the shape and size of the pore space may explain some of 
the differences in fluoride adsorption capacity observed for the three sorbents presented 
in this work. 
4.4.2. Chemical properties: mineralogy, surface charge, and pHPZNPC 
 
The influence of mineralogy on fluoride adsorption capacity was already 
discussed in section 4.1. Not all oxides are ideal sorbents for anions due in large part to 
surface charge and the pH at which the sorbent surface has no net charge (pHPZC). Above 
the pH of zero surface charge, protons are being removed from the sorbent surface, which 
decreases the number of surface hydroxyls needed for fluoride adsorption or ion 
exchange, and also creates a net negative surface charge. As mentioned earlier, quartz is a 
poor sorbent for fluoride adsorption (Fan et al., 2003) due to the fact that surface protons 
begin to desorb from the surface at pH well below neutral. 
 In addition to attaining surface charge via proton adsorption to or desorption 
from the sorbent surface, some minerals have permanent charge which has not been 
determined in this study. While activated alumina does not have permanent charge, many 
clays do. This is a result of isomorphic cation substitution, which usually creates a 






groups, has very low permanent charge (Sposito, 1984) and only the aluminols are 
available to complex anions (Davis and Kent, 1990). In addition, some minerals, such as 
goethite, have several types of hydroxyl groups with varying reactivity (Davis and Kent, 
1990). What this indicates is that several parameters beyond those identified in this study 
(e.g. pH dependent surface charge, surface and pore area) may affect the adsorption 
capacity of laterite and bauxite. 
Bauxite and laterite have pHPZNPC (and possibly pHPZC) in the range of the pH of 
local groundwater (6.8 to 7.5). But activated alumina has a much higher pHPZNPC
 of about 
8.0, which results in a greater number of surface hydroxyls for fluoride adsorption at 
neutral pH. In laterite, the goethite and hematite are likely the strongest sorbents for 
fluoride (pH of zero charge around neutral, Table 4.4S), while the quartz, feldspar, and 
kaolinite (with pH of zero charge between 2 and 4.3, Table 4.4S) probably only adsorb 
fluoride at low pH. In contrast, bauxite is mostly gibbsite and hematite, with a small 
amount of kaolinite (Table 4.4). It is, in part, the dominance of aluminum and iron oxide 
that give bauxite the high fluoride adsorption capacity per unit area; and unlike laterite 
which adsorbs best at pH of 4, the fluoride adsorption capacity of bauxite increases 
dramatically from pH 7 to pH 6 (Fig. 4.4). 
4.5. Dissolution of metals at low pH, high pH, and fluoride induced 
The titrations were to a minimum pH of 4 and maximum pH of 10, with minimal 
dissolution expected in this pH range for the three sorbents. The main oxides present in 
the three sorbents are aluminum oxide, iron oxide, and silica (mostly as quartz). Yang et 
al. (2007) documented limited dissolution of aluminum hydroxides in the pH range of 4 






and could be ignored in the pH range of 4 to 10. The solubility of iron oxide tends to be 
low in this pH range as well (Hem, 1960; Snoeyink and Jenkins, 1980; Stumm and 
Morgan, 1996), as does quartz (Stumm and Morgan, 1996). Because the above findings 
may not apply to the sorbents being evaluated in this study, dissolution at high and low 
pH was investigated. 
The dissolution results of this study show that aluminum dissolution in activated 
alumina at pH 9.8 was just high enough to be considered as having an impact on 
experimental results. However, overall, aluminum dissolution in this study was 
comparable to results from Yang et al. (2007) in the pH range of 4 to 10, where 
dissolution was considered limited enough to ignore. There was also no noticeable 
change in the models when dissolved aluminum was added to the simulations at the 
concentrations presented in Table 4.1S. The dissolution of iron from bauxite and laterite, 
and silica from laterite were also low enough to ignore for titration experiments, and did 
not influence the results of the models.  
Notable dissolution of aluminum may occur in solutions that are both high 
fluoride and low pH, or at very high fluoride loading and neutral pH, since both and can 
cause dissolution of aluminum oxides (Nordin et al., 1999). Although not investigated in 
this study, the combined effect of high concentrations of protons and fluoride on 
aluminum dissolution would be useful to determine. This is particularly important if low 
pH is being considered as a method for improving fluoride adsorption capacity. It also 
may influence the results of geochemical models, if the dissolved concentration is high 
enough. As an example, when modeling fluoride adsorption vs. pH for activated alumina, 






with dissolved aluminum at low pH, and the model curve matched the experimental curve 
perfectly (Fig. 4.4b). Similarly, including aluminum dissolution to the modeled fluoride 
adsorption vs. pH for bauxite and laterite at grain size 63 to 125 µm, the model fits to 
experimental data improved (Fig. 4.6). Further work on aluminum dissolution resulting 
from high fluoride adsorption and low pH is recommended, both to improve fluoride 
adsorption models with aluminum oxides as the sorbent, and to better understand 
potential exposure to aluminum. 
4.6. Comparing fluoride adsorption capacity of Ghana bauxite and Namoo laterite with 
results from previous studies on laterite and bauxite as sorbents for fluoride 
Table 4.9 presents results from previous studies of fluoride adsorption onto 
bauxite and laterite for comparison. None of the samples had been heat or chemically 
treated prior to analysis. The attempt was to try to loosely compare fluoride adsorption 
experiments conducted under similar conditions, such as pH, initial fluoride 
concentration, solution, grain size, and sorbent-to-solution ratio. Many of the studies did 
not provide the specific surface area data so this parameter was not included in the 
comparison. Also the initial preparation of each sorbent varied (e.g. acid/base wash, 
rinsing, drying, sieving) so an assumption was made that initial preparation of samples 
had an equal effect on their adsorption capacity. The contact time for each experiment 
varied as well and was not always clear, so an assumption was made that results were at 
approximate equilibrium. The initial fluoride concentration for most of the studies listed 
was 0.53 mmol L-1 (10 mg L-1). Otherwise the other parameters varied between studies.  
In evaluating the fluoride adsorption results presented in Table 4.9, it is important 






values. In general, fluoride adsorption will improve at initial pH below 7. Where only the 
final pH is given, or the average between initial and final pH, the starting pH will be 
slightly lower than presented in Table 4.9, assuming ion exchange between fluoride and 
the surface hydroxyl. Fluoride adsorption also usually improves with decreased grain 
size. In addition, the amount of fluoride adsorbed per gram will improve with a lower 
sorbent-to-solution ratio. The initial fluoride concentration also influences the amount 
adsorbed per gram, with lower adsorption at lower initial fluoride concentration. The type 
of solution also may affect adsorption, depending upon the presence of competing ions, 
but here the previous parameters listed will probably have the strongest impact on 
adsorbed mmol F- g-1. 
The laterite collected from South Africa, Ghana, and India adsorbed from 0.39 
(10-2) to 1.06 (10-2) mmol F- g-1 at initial fluoride concentration 0.53 to 0.55 mmol F- L-1.  
The bauxite collected from the same three countries adsorbed from 0.95 (10-2) to 9.78 
(10-2) mmol F- g-1 at initial fluoride concentrations of 0.51 to 0.55 mmol F- L-1. The 
variation depended upon the sample itself (e.g. Ghana laterite collected from three areas), 
the pH of solution, the grain size, and the sorbent-to-solution ratio. However, bauxite was 
consistently better at adsorbing fluoride than laterite. The conditions of the lowest 
adsorbing laterite were: initial pH of 8 in Ghana groundwater, grain size 2 mm, and 
sorbent-to-solution ratio 20 g L-1. The conditions of the two highest adsorbing laterite 
samples were: (1) final pH 6, grain size <0.280 mm, sorbent-to-solution ratio 20 g L-1; 
and (2) average pH 7.5, grain size 0.5 mm, sorbent-to-solution ratio not provided. The 
two lowest adsorbing bauxite samples were: (1) initial pH of 8 in Ghana groundwater, 






NaCl solution (with NaF), grain size 0.5 to 1.0 mm, and sorbent-to-solution ratio of 6.67 
g L-1. The conditions of the highest adsorbing bauxite were: average pH of 7.0 in NaF 
solution, at grain size <0.100 mm, and sorbent-to-solution ratio of 2 g L-1.  
Table 4.9. Table of results of fluoride adsorption capacity of bauxite and laterite at pH close to neutral, 
using samples that were not heat or chemically treated. The results in the last three rows from this study are 
for comparison, and include activated alumina data. The pH presented is initial, final, or average of initial 
and final. S1 = NaF laboratory solution, S2 = 0.01 M NaCl with NaF added, GW = Ghana groundwater. 




pHo,f, or avg 
     Fo 
(mmol L-1) 








S. Afr. bauxite pHf  = 6.0    0.53  S1 <0.180 20 1.3-2.1 (10-2) a 
S. Afr. laterite pHf  = 6.0    0.53  S1 <0.180 20 1.06 (10-2) a 
Gh. bauxite pHo = 8.0    0.55  GW ~2 20 0.95 (10-2) b 
Gh. laterite 1 pHo = 8.0    0.55  GW ~2 20 0.69 (10-2) b 
Gh. laterite 2 pHo = 8.0    0.55  GW ~2 20 0.39 (10-2) b 
India laterite pHavg = 7.5    0.53 S1 0.5 ND 1.06 (10-2) c 
India bauxite pHavg = 7.0    0.53 S1 <0.100 2 9.78 (10-2) d 
Gh. bauxite pHf  = 7.2    0.51 S2 0.5-1.0 6.67 0.95 (10-2) e 
 N. laterite  pHf  = 7.4    0.53 S2 0.5-1.0 6.67 0.74 (10-2) e 
Gh. bauxite pHf  = 5.3    0.53 S2 0.063-0.125 6.67 4.34 (10-2) e 
N. laterite  pHf  = 4.1    0.53 S2 0.063-0.125 6.67 4.71 (10-2) e 
Act. alumina pHf  = 7.7    0.53 S2 0.5-1.0 6.67 7.25 (10-2) e 




One of the goals of this study was to characterize potential sorbents to better 
understand fluoride adsorption and to identify why one sorbent works better than another. 
In order to keep costs down, two indigenous sorbents were evaluated for use in de-
fluoridation filters, and then compared to activated alumina. By using either Ghana 
bauxite or Namoo laterite as the sorbent in small-scale de-fluoridation filters in northern 
Ghana, the primary cost involved would be transportation - and in the case of laterite 
there would be no transportation cost since it is abundant in northern Ghana. Activated 






imported; and the cost per unit weight can be significant unless it is acquired in very large 
quantities.  
The simplest ways to improve adsorption capacity are to (1) decrease the grain 
size which usually increases the specific surface area, (2) lower the pH to increase the 
number of surface hydroxyls available for fluoride to exchange with or adsorb to (but not 
so low as to cause dissolution) (see Fig. 4.6, Table 4.9 bottom rows), and (3) increase the 
sorbent-to-solution ratio, which increases the total surface area available for adsorption 
per liter of treated water. However, the manual labor required to produce large quantities 
of laterite and bauxite – and at a grain size of sand or finer –  as well as the high volume 
of fluoride-free water (e.g. rainwater) needed to clean the sorbent so that the filtered 
water would not be red or chalky tasting also makes these potential sorbents less viable.  
Several studies evaluating the fluoride adsorption capacity of laterite and bauxite 
have investigated ways to treat the rock in order to improve its adsorption capacity by 
using processes that must be done in the laboratory and with technically trained staff. 
One treatment that improved adsorption capacity was to first heat the rock, with the 
optimum temperature for maximum adsorption at about 500 to 600 oC (Coetzee et al., 
2003; Ayamsegna et al., 2008). In another example, a chemical process conducted on 
laterite by Maiti et al. (2011) involved soaking the rock with concentrated acid to 
dissolve it, and then re-precipitating it with strong base. The result was a sorbent with 
increased surface area and higher sorption capacity. 
Also there are other synthetic sorbents to consider that may be both low in cost 
and effective in small-scale de-fluoridation filters. One is iron oxide (Streat et al., 2008a 






2011). These synthetic forms have much higher surface area than the natural minerals and 
they can be manufactured at the laboratory scale in Ghana. The effectiveness and 
feasibility of these laboratory prepared sorbents could be evaluated and considered for 
use in small-scale fluoride adsorption filters in rural Ghana and other areas with similar 
water quality issues. 
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Chapter 4: Supplementary data 
 
Table 4.1S. Concentration of dissolved aluminum, iron, and silica from the three sorbents at low and high 
pH, in solution of 0.01 M NaCl ionic strength, and sorbent-to-solution ratio of 6.67 g L-1. X = not analyzed. 
Sorbent pH        Al (mmol L-1)  Fe (mmol L-1)      SiO2 (mmol L-1) 
Act. Alumina 4.2 1.3 (10-3) X X 
Act. Alumina 9.8 7.5 (10-2) X X 
Gh. Bauxite 4.0 3.6 (10-4)    <3.6 (10-5) X 
Gh. Bauxite 9.8 1.2 (10-2) 8.7 (10-5) X 
N. Laterite 4.4 3.9 (10-4) 8.6 (10-5) X 
N. Laterite 9.8 3.7 (10-3) 5.9 (10-4) 4.8 (10-3) 
 
 
Table 4.2S. Possible fluoride induced dissolution of aluminum or iron for the three sorbents at initial pH of 
approximately 7, in solution of 0.01 M NaCl ionic strength, and sorbent-to-solution ratio of 6.67 g L-1. X = 
not analyzed 
Sorbent      Fo 
 (mg L-1) 
       Fo  
(mmol L-1) 
        Al  
  (mmol L-1) 
        Fe  
   (mmol L-1) 
      SiO2 
(mmol L-1) 
Act. Alumina      5.0       0.26  <1.67 (10-3) X X 
Act. Alumina    10.0       0.53  <1.67 (10-3) X X 
Gh. Bauxite      5.0       0.26    1.78 (10-3) <1.79 (10-4) X 
Gh. Bauxite    10.0       0.53  <1.67 (10-3) <1.79 (10-4) X 
N. Laterite      5.0       0.26  <1.67 (10-3) <1.79 (10-4) X 
N. Laterite    10.0       0.53    1.89 (10-3) <1.79 (10-4) X 
 
 
Table 4.3S. Literature values for total surface sites (Ns) of several sorbents, including the method used for 
determining the number of surface sites. 
Sorbent Formula Ns (sites nm-2) Method 
Goethitea α-FeOOH 2.6-4.0 Acid-base titration 
Goethiteb α-FeOOH 4.0 Acid-base titration 
Goethitea α-FeOOH 5.2-7.3 F-/ligand exchange 
Goethiteb α-FeOOH 6.0-7.0 F-/ligand exchange 
Hematitec α-Fe2O3 2.3 Crystal chemistry 
Act. Aluminad γ-Al2O3 8.0 Infrared 
Act. Aluminae γ-Al2O3 5.1 FITEQL model 
Boehmitef γ-AlOOH 0.88 Acid-base titration 
Boehmitef γ-AlOOH 2.2 F-/ligand exchange 
Boehmiteg γ-AlOOH 1.7 Acid-base titration 
Gibbsiteh Al(OH)3 8.8 Crystal chemistry 
Gibbsitee Al(OH)3 2.8 FITEQL model 
Kaolinitei Al2Si2O5(OH)4 2.2-2.7 FITEQL model 
Quartz (natural)j α-SiO2 4.5 Tritium exchange 
aDavis and Kent (1990); bSigg and Stumm (1980); cPivovarov (1997); dPeri (1966) ; eYang et al. (2007); 















Table 4.4S. The pH of zero surface charge for various common minerals and synthetic solids. PZC is pH of 
total net surface charge, and PZNPC or PPZC are the PZC established by surface binding of H+ and OH- 
only. 
Solid  Formula PZC PZNPC PPZC 
Quartza α-SiO2 2.0-4.0    
Kaoliniteb Al2Si2O5(OH)4 3.9-4.3   
Hematitec α-Fe2O3   8.4 
Hematited α-Fe2O3 5.9, 7.1,7.3   
Goethitee α-FeOOH  8.0  
Goethited α-FeOOH 7.2, 7.6   
Gibbsitef Al(OH)3   7.8 
Gibbsiteg                                                                  Al(OH)3                      9.8 
Act. Aluminah γ-Al2O3 8.1   
Act. Aluminai γ-Al2O3 8.5   
Act. Aluminaj α -Al2O3 9.1   
Boehmitek γ-AlOOH 9.1   
Boehmitel γ-AlOOH 8.5   
Feldsparsm,n i.e., KAlSi3O8  2.0 – 2.4  
aKosmulski et al. (2002); bBrady et al. (1996); cBreeusma (1973); dBorggaard (1983); eBar-Yosef et al. 
(1975); fKaiser and Guggenberger (2003); gManning and Goldberg (1996);  hSprycha (1989); iHuang and 
Stumm (1973);  jYopps and Fuerstenau (1964); kWood et al. (1990); lLaiti and Ohman (1996); mParks 
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Adsorption is a simple method for removing fluoride from water and activated alumina is 
a good choice, but to be cost-effective it must work well long-term. This study 
investigates whether physical-chemical properties, surface charge, and fluoride 
adsorption capacity of activated alumina change with hydration period, and whether 
fluoride (F-) adsorption capacity and rate change with grain size. The results show that 
the mineralogy of activated alumina is affected by the hydration period resulting in a 
transformation to boehmite and then bayerite with hydration.  But hydration period does 
not impact surface acidity in the pH range used in this study (minimum pH 4.5 ~0.14 C 
m-2) or adsorption capacity (at pHo 6.9 ~0.62 µmol F
- m-2). There is also no notable 
difference in fluoride adsorption capacity between the grain size ranges of 0.5-1.0 mm 
and 0.125-0.250 mm, nor does specific surface area change significantly with hydration 
or grain size. However adsorption rate increases dramatically at the finer grain sizes. At 
an initial F- concentration of 0.53 mmol L-1, the finer grain sizes adsorb 90% after 1 hour 
while the larger grain sizes require 24 h; and the pseudo-second-order adsorption rate 
constant is an order of magnitude higher for the finer grained sorbent at 0.19 g per mg F- 
per min vs. 0.025 g per mg F- per min for the larger grained sorbent at time up to 24 h. 












Adsorption is a low-cost and simple method for removing excess fluoride from 
drinking water (Mohapatra et al., 2009; Miretzky and Cirelli, 2011), which is particularly 
important in poor regions of the world where advanced water treatment facilities are not 
an option. Activated alumina, which is synthesized at the industrial scale, is well 
established as an effective adsorbent for fluoride removal from water (Hao and Huang, 
1986; Farrah et al., 1987; Fletcher et al., 2006); and is more effective than untreated 
natural sorbents, such as bauxite and laterite, because it has a very high surface area as 
well as high fluoride adsorption at the pH range of most groundwater (Craig et al., 2015). 
Unfortunately, activated alumina can also be a costly choice for use in fluoride adsorption 
filters in rural areas of the developing world where fluorosis is endemic, such as the study 
area of northern Ghana. Given that activated alumina must be purchased (and in Ghana 
also imported), it would almost certainly need to be used for extended time in order to be 
considered practical and cost-effective. Therefore understanding activated alumina’s 
surface characteristics and its long-term effectiveness as a sorbent for fluoride removal 
are needed in order to determine whether it is an economically feasible sorbent for use in 
poor, rural areas.  
Studies on activated alumina adsorption generally utilize fast titrations with the 
sorbent first hydrated in deionized water up to two weeks (Huang, 1981; Hao and Huang, 
1986; Craig et al., 2015), and do not consider possible changes in adsorption capacity and 
surface reactivity with varied hydration period and or with slower titrations. However 
changes in surface reactivity with hydration period were observed at high and low pH by 






activated alumina with increased hydration periods and a progressive transformation to 
the more stable mineral, bayerite. Lefèvre et al. (2002) also speculated that a decrease in 
surface reactivity may adversely affect adsorption capacity which is important for 
practical applications of activated alumina. In addition, Rosenqvist et al. (2002) found 
that the fast acid-base titrations (2-8 minutes) typically used to determine surface acidity 
under-estimate the surface charge of gibbsite and other oxides because the readings were 
taken before reaching equilibrium. Craig et al. (2015) also observed that the pH of 
activated alumina frequently did not stabilize well during fast titrations, and assumed the 
resultant surface acidity was under-estimated. 
The intent of this study is to further investigate the above findings by (1) 
documenting differences in surface acidity of activated alumina using a slow titration vs. 
a fast titration, (2) varying hydration periods from 24 hours to 16 weeks to observe 
whether this results in a change in surface acidity, physical-chemical structure of 
activated alumina, and or fluoride loading capacity (sorbent hydrated up to 30 weeks), 
and (3) evaluating the impact that grain size has on fluoride adsorption capacity and rate. 
The results will be used to determine fluoride adsorption capacity under varied conditions 
and the adsorption kinetics of activated alumina. The information can also be used in the 
design of small-scale de-fluoridation filters in northern Ghana and other areas with 
similar water quality issues. 
2. Materials and methods 
2.1. Sorbent preparation 
 Activated alumina, with a manufactured grain size range of 0.5-1.0 mm, was 






grain size range. To compare changes in adsorption with changes in grain size, some of 
the activated alumina was also ground by hand with a pestle and mortar and sieved to a 
grain size range of 0.125-0.250 mm; and another small portion of the activated alumina 
was ground to a grain size range of 0.063-0.125 mm but only to determine the specific 
surface area. The activated alumina was rinsed well with deionized water to remove fine 
powder, followed by an acid-base wash to increase sample purity and reproducibility of 
the titrations and batch adsorption experiments (Huang, 1981). It was first soaked in 0.01 
N NaOH, stirred for 30 minutes, centrifuged for 30 minutes at 26,890 g relative 
centrifugal force (RCF) using a Sorvall® RC-5B centrifuge, and rinsed again with 
deionized water by pouring off the supernate until the electrical conductivity was less 
than 5 µS cm-1. The activated alumina was soaked once more for 30 minutes with 0.01 N 
HCl, centrifuged, and rinsed as described for the 0.01 N NaOH. Once clean, it was left to 
dry and sieved again to remove final traces of powder with grain size under 0.5 mm for 
0.5-1.0 mm samples, under 0.125 mm  for the 0.125-0.250 mm samples, and under 0.063 
mm for the 0.063-0.124 mm samples. The clean, dry, sieved 0.5-1.0 mm sorbent was 
stored in a plastic container for six months or more before using. The portion that was 
ground to 0.125-0.250 mm, sieved, cleaned and dried was stored in a plastic container for 
one month before using. 
2.2. Sorbent physical-chemical properties 
  The specific surface area, pore surface area, volume, and average pore diameter of 
dry samples were determined using a Micromeritics® TriStar 3000 static pressure surface 
area analyzer with N2(g) as the sorbate. The 10-point Brunauer, Emmett, Teller (BET) 






Shields, 1991), and the Barrett, Joyner, Halenda (BJH) adsorption method was used to 
determine pore area, volume, and diameter for pore sizes between 1.7-300 nm (Barrett et 
al., 1951; Lowell and Shields, 1991). Samples were also evaluated for evidence of 
micropores (< 2 nm) by creating t-plots from the adsorption and desorption data used to 
calculate the BET surface areas and BJH pore area and volume (Gregg and Sing, 1982; 
Hay et al., 2011). The t-plot was created by plotting the statistical film thickness (t) on 
the x-axis vs. the volume of liquid nitrogen adsorbed to the surface (liquid nitrogen 
density of 0.808 g ml-1 at 77 K) on the y-axis. The statistical film thickness was 
calculated from the Harkins-Jura equation: 






                                                     (1) 
Evidence of micropores and corresponding pore volumes were determined by the linear 
portions of the t-plot and the corresponding y-intercept (see Gregg and Sing, 1982; 
Leofanti et al., 1998; Hay et al., 2011). The statistical thickness (t) was presented in 
nanometers (nm), where 1 nm = 10 angstroms (Å); and p/po is the relative pressure used 
to create the N2(g) sorption isotherms. 
The mineral content of each sorbent was determined using x-ray diffraction 
(XRD). Samples were prepared by taking ~5 g of the bulk sample, grinding by hand to a 
grain size <500 µm, then to a powder in a McCrone mill for 8 minutes in 10 ml of 
methanol. They were air dried overnight, re-crushed to break up aggregates formed 
during drying, and side-loaded into sample holders. Grinding the samples to a fine 
homogenous powder, followed by side-loading, helps to minimize preferred orientation 






quantitative analysis. The samples were run on a Bruker D8 Advance XRD equipped 
with a Vantec PSD detector; and the XRD scans were interpreted using the software 
called EVA®. The minerals were identified by matching reference mineral patterns stored 
in the ICDD (International Centre for Diffraction Data) database to the observed peaks.  
The method used for semi-quantitative analysis is based on the method of Chung (1975), 
which assumes that the minerals are identified correctly and that there are no unidentified 
phases in the sample.  
The surfaces of activated alumina samples were observed using scanning electron 
microscopy (SEM) with a Hitachi S-4700 II Scanning Electron Microscope. Dry samples 
were placed in the Emitech K-575X sputter coater and coated with platinum to make 
particles electronically conductive before being inserted in the microscope chamber for 
imaging. The images were taken with a Hitachi cold field emission scanning electron 
microscope model S-4700-II equipped with the Oxford Energy Dispersive Spectroscope 
detector for chemical composition analysis.  
2.3. Acid-base titrations 
The method for acid-base titrations is modified from Craig et al. (2015 and 
references therein). One gram of activated alumina at grain size 0.5-1.0 mm was soaked 
in deionized water for 24 hours up to 16 weeks to fully hydrate the sorbent, and to 
identify changes in surface acidity with varied hydration period. Before titration, the 
liquid of the soaked sorbent was poured off. The activated alumina was rinsed well and 
placed in a 250 ml polypropylene beaker with a small, known volume of deionized water; 
the ionic strength was adjusted to 0.01 M with 1 M NaCl, and the beaker was then filled 






L-1. The covered beaker was placed on a magnetic stir plate, with a gel-filled Ag/AgCl 
pH probe attached to an Orion® 4-Star meter inserted in the solution, and stirred and 
bubbled with N2(g). For the fast titrations, the solution was stirred until the pH stabilized, 
taking two to four hours, before adding acid or base. The titrant was added in a small 
increment every 5-10 minutes, at which point the pH was recorded and another increment 
of titrant was added. This pattern was continued to a pH of 4 for the acid titrations and to 
a pH of 10 for the base titrations (see Craig et al., 2015). In conducting the slow 
titrations, the slurry (set up as above) was left to stir overnight before taking the first pH 
reading. Then small increments of 0.1 N certified NaOH or 0.1 N certified HCl were 
added approximately every thirty minutes to one hour until the end of the day where the 
slurry was left to stir overnight, with the pH recorded the next morning. The pH meter 
was calibrated each morning as well. This process continued for two weeks with the acid 
titrations, and for one week with the base titration. Only one base titration at two week 
hydration was conducted due to the time involved to conduct slow titrations, and because 
the range below the pH of zero proton charge is of primary interest for fluoride 
adsorption. In order prevent working in pH ranges that tend to increase aluminum 
dissolution, the slow titrations were completed to a minimum pH of approximately 4.5 
and maximum pH of approximately 9.8.  
To check whether significant sorbent was lost in the rinsing or from titration, used 
sorbent from six of the titrations was dried and weighed. Total mass loss was 0-2% for 
three fast titrations (one 2 week and two 16 week hydrations) and three slow titrations (24 
hour, 2 week, and 12 week hydration). The used sorbents were also sieved again to 






of 2.2% of the used sorbent measured under 0.5 mm showed the greatest percent decrease 
from the fast titrations. Aluminum dissolution at high and low pH was not investigated 
for the slow titrations conducted in this study. However, Craig et al. (2015) documented 
minimal aluminum dissolution from activated alumina at pH 4.5 and 9.8 after 24 hours in 
a 0.01 M NaCl solution, with greater dissolution at the high pH (dissolved aluminum 7.5 
(10-2) mmol L-1). Yang et al. (2007) and Rosenqvist et al. (2002) also observed minimal 
dissolution of aluminum oxides between pH 4.5 and 9.8. 
2.4. Calculating pH dependent surface charge density 
The surface charge density (σ) is defined as the equivalents of H+ attached to or 
removed from the sorbent per m2 of sorbent, multiplied by Faraday’s constant. It is 
determined by using the titration data presented in the previous section and the following 
equations (Huang and Stumm, 1973; Hao and Huang, 1986): 
                 σ+[C m−2] =  
F∗{[(0.1 N HCl)∗(L titrant added)]−[[H+]∗(L total)]}
(A∗(g sorbent))
                               (2) 
                  𝜎−[C m−2] =  
F∗{[(0.1 N NaOH)∗(L titrant added)]−[[OH−]∗(L total)]}
(A∗(g sorbent))
                         (3)             
 where C is coulombs, F is Faraday’s constant (96,490 C mol-1); A is specific surface area 
of the sorbent (m2 g-1); and 0.1 N HCl and 0.1 N NaOH are the titrant concentrations. 
The titration curves of pH vs. coulombs of surface charge per meter squared were 
used to determine intrinsic acidity constants (𝐾𝑎
𝑖𝑛𝑡) by matching modeled titration curves 
with the experimentally determined titration curves. The model curves were created 
using the generalized two-layer surface complexation model (Dzombak and Morel, 







2.5. Geochemical modeling of acid-base titration data using the generalized two-layer 
model with PHREEQC program  
 
The generalized two-layer model (Dzombak and Morel, 1990) is a surface 
complexation model available in PHREEQC (Parkhurst and Appelo, 1999) and was used 
to describe the adsorption reactions. Dzombak and Morel (1990) provide a detailed 
description of the generalized two-layer surface complexation model, which was used to 
determine the intrinsic acidity constants 𝐾𝑎
𝑖𝑛𝑡 for proton adsorption onto a hydrated 
surface as described by the following reactions: 
 S − OH2
+ ↔ S − OH +  H+                                                  (4) 
S − OH ↔ S − O− +  H+                                                    (5) 
This was achieved by visually matching modeled curves to the experimental titration 
curves. The simulated acid-base titrations used the PHREEQC database, and the diffuse 
layer option was not used since the same results were achieved with or without it. The 
default option (no diffuse layer) adjusted for the surface charge by creating an equal and 
opposite charge in solution (Parkhurst and Appelo, 1999). The mass action expressions 
for proton adsorption and desorption (using reactions (4) and (5)) and the corresponding 
𝑙𝑜𝑔𝐾𝑎
𝑖𝑛𝑡 were the only adjustable input parameters. Fixed input parameters were the 
specific surface area, 6.67 g of sorbent L-1, a single Ns value of 4.5 sites nm
-2 (as Nt  = 
1.44 (10-2) mols charge L-1), and an inert electrolyte (NaCl) background solution at I = 
0.01 M. The 𝑙𝑜𝑔𝐾𝑎
𝑖𝑛𝑡 value was adjusted for a best fit to experimental titration data. The 
pH of zero net proton charge (pHPZNPC) was estimated by adding  𝑝𝐾𝑎1 
𝑖𝑛𝑡 and  𝑝𝐾𝑎2 
𝑖𝑛𝑡 and 







2.6. Fluoride loading experiments 
The method for conducting fluoride loading experiments is described in Craig et 
al. (2015).  Prior to conducting the fluoride loading batch adsorption experiments with 
varied hydration periods, the sorbent of grain size range 0.5-1.0 mm was first hydrated in 
deionized water either 24 hours, 2 weeks, 12 weeks, 16 weeks, or 30 weeks. For the 
fluoride loading experiment at a finer grain size range, the sorbent of grain size range 
0.125-0.250 mm was first hydrated two weeks. The pre-soaked sorbent plus a small 
known volume of deionized water was placed in a Nalgene® polypropylene copolymer 
centrifuge tube. Deionized water and 1 M NaCl were added to an ionic strength 0.01 M 
and the slurry was mixed by rocking the tubes back and forth using a Labquake®. After 
mixing 24 hours, the pH was adjusted to approximately 6.9-7.0 with 0.1 N HCl. Once the 
initial pH was stable, fluoride was added to each centrifuge tube in concentrations 
ranging from and 0.026-3.16 mmol L-1 (0.5-60 mg L-1) with a total of 10-13 slurry-filled 
tubes. The slurries were mixed another 24 hours, after which the tubes were centrifuged 
for 30 minutes at 26,890 g RCF. Ten ml of the supernate was removed for pH analysis 
using an Accumet® Research AR 20 pH meter and probe, and for fluoride analysis using 
an Orion 4-Star meter and fluoride ion selective electrode, with TISAB III added to the 
supernate just before fluoride analysis (Hao and Huang, 1986; APHA, 1998). Each probe 
was calibrated before use, with calibration checks conducted on the fluoride probe every 
8-10 samples in order to maintain an error under 5%. Possible fluoride induced 
dissolution of aluminum was evaluated at initial fluoride concentrations from 0.026-0.79 
mmol L-1 (0.5-15 mg L-1) by taking 10 ml of the post-adsorption supernate, filtering it 






mass spectrometry (ICP-MS) using EPA Method 200.7.  The detection limit for dissolved 
aluminum was 1.67 (10-3) mmols L-1 (0.045 mg L-1). 
2.7. Geochemical modeling of fluoride adsorption data using the generalized two-layer 
model with PHREEQC program 
 
 The generalized two-layer model (Dzombak and Morel, 1990) was used to 
identify the fluoride adsorption reactions onto each of the three sorbents using the same 
input parameters described in section 2.5. The model curves were matched with 
experimental fluoride adsorption curves for both fluoride adsorption vs. pH, and fluoride 
loading at pHo ~6.9 and ionic strength of 0.01 M NaCl. The data for the experimental 
fluoride adsorption curves are from Craig et al. (2015). The equilibrium constants for 
following fluoride adsorption reactions (from Karamalidis and Dzombak, 2010) were 
adjustable input parameters: 
S − OH + F− +  H+ ↔ S − F +  H2 O                                      (6) 
S − OH +   F− ↔  S − OHF−                                                   (7) 
S − OH +   2F− +  H+  ↔  S − F2
−  +  H2O                             (8) 
To identify the appropriate fluoride adsorption reactions and corresponding equilibrium 
constants, each of the above reactions was initially added as an input parameter, with the 
corresponding equilibrium constant treated as an adjustable parameter. 
2.8. Adsorption of fluoride vs. time at grain sizes 0.125-0.250 mm and 0.5-1.0 mm 
The adsorption rate of fluoride onto activated alumina was monitored at two grain 
size ranges to observe the degree to which grain size controls the adsorption rate. The 
method for the kinetic fluoride adsorption experiments is similar to the fluoride loading 






alumina was hydrated 2 weeks; the initial fluoride concentration was set at 0.53 mmol L-1 
(10 mg L-1); each centrifuge tube was mixed by rotating a different length of time, 
ranging from 5 minutes to 48 hours; and the solution was filtered with a 0.45 µm filter 
before fluoride analyses instead of being separated from the sorbent via centrifuge. The 
following pseudo-second-order rate equation was used to calculate the fluoride 
adsorption rate at two grain size ranges (Kim et al., 2004 and references therein):           






2   k2
 +  
1
qe
 t                                                   (9) 
The pseudo-second-order model constants can be determined experimentally (Ho, 2006), 
where t is time, q is mg fluoride adsorbed per gram sorbent at time t, qe is fluoride 
adsorbed at equilibrium and k2 is the second order rate constant (g sorbent per mg of 








and y-intercept of 
1
 qe
2   k2 
. Equation (9) is derived by integrating and rearranging the 
following kinetic rate equation: 
dq
dt
=  k2(qe − q)
2                                                    (10) 
For the derivation and discussion of equation (9) see Azizian (2004), Ho (2006), and Liu 
and Shen (2008). 
3. Results  
3.1. Physical and chemical characteristics of activated alumina 
 Table 5.1 presents the BET surface area and BJH pore area, volume, and diameter 






16 weeks). There is generally no notable change in the surface area, pore area, volume, or 
diameter with varied hydration period or between three grain sizes (expected accuracy of 
BET surface area +/-10% under favorable conditions (Gregg and Sing, 1982)).  
Table 5.1. Grain size, BET specific surface area, and BJH pore area, volume, and diameter using N2(g) 
adsorption. The cumulative surface area and volume presented below include pores with diameters between 
1.7 nm and 300 nm. Samples a and b are different samples at the same grain size range and no prior 
hydration, but only sample b was analyzed for BJH pore area and volume. 
Weeks Hydrated 
(Grain Size, mm) 
  Surface Area 
     (m2 g-1) 
        Pore Area 
          (m2 g-1) 
Pore Vol. 
 (cm3 g-1) 
Pore Diam. 
Avg. (nm) 
 0 (0.5-1.0)a       292.1          no data           no data          no data 
 0 (0.5-1.0)b       297.9            320.7a             0.39             4.87 
 2 (0.5-1.0)                          288.9            281.4             0.35               4.97 
16 (0.5-1.0)                   294.8                           286.1             0.35             4.93 
 0 (0.063-0.125)       288.4          no data           no data           no data 
 0 (0.125-0.250)                  285.2          no data           no data           no data 
 2 (0.125-0.250)                  290.2            284.5             0.35                                4.95 
aPore area is not expected to be higher than surface area, but this may due to technical error or uncertainty 
of the method itself. 
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Fig. 5.1. Activated alumina 2 week hydration and grain size 0.5 to 1.0 mm: (a) N2(g) adsorption and 
desorption isotherms for activated alumina and (b) t-plots of N2(l) adsorption and desorpti n isotherms. The 
sorption data and t-plots presented here are representative of those used to determine results presented in 
Table 5.2.  
 
Fig. 5.1 is an example of the sorption data and t-plot of activated alumina after 
two weeks hydration. The other sorption and t-plots used to calculated the results in 
Table 5.1 and 5.2 are nearly identical to Fig. 5.1 and are not shown.  The first lin ar 
portion of the t-plot at the lowest t values passed through zero, which suggests an absence 






slope of this line (Table 5.2) is less than 5% lower than the BET determined surface area 
(Table 5.1, 5.2). But even with these strong indicators of mesoporous activated alumina 
samples, Table 5.2 also shows that the samples may also have larger micropores as well 
as mesopores due to the shape of the t-plot (Stork et al., 1998) and a second linear portion 
of the curve (t = 0.9-1.5 nm) (Fig. 5.1b). If micropores are present, then the BET 
determined surface area is also less accurate (Davis and Kent, 1990). 
Table 5.2. The BET c value, t-plot calculated surface area, film thickness (t), and corresponding pore 
volume. Adsorption = (ads) and desorption = (des) curves from t-plots.  
Week Hydrated 
(Grain Size, mm) 
  BET      
    c 
Surface Area 
   (m2 g-1) 
Film Thickness 
     (nm) 
       Pore Vol.a  
(cm3 g-1) 
 0 (0.5-1.0)b (ads) 79      288.3    1.1-1.4            0.158   
 0 (0.5-1.0)b (des)                   79      288.3      0.9-1.2          0.194 
 2 (0.5-1.0) (ads) 86      279.1    1.0-1.5          0.148 
 2 (0.5-1.0) (ads)              86      279.1       1.0-1.2          0.186 
16 (0.5-1.0) (ads) 80      285.0    1.0-1.4          0.160 
16 (0.5-1.0) (des) 80      285.0    1.0-1.2          0.190 
 2 (0.125-0.250) (ads) 78      280.3    1.0-1.4          0.154 
 2 (0.125-0.250) (des) 78      280.3        1.0-1.2          0.179 
aPore volumes may include larger micropores, along with small mesopores. 
 
Table 5.3. Semi-quantitative XRD analysis of the transformation of activated alumina with hydration.  
The percentages are approximations only and take into account crystalline material and not amorphous 
material, but the overall mineral transformation patterns are important. 
  Weeks  
 Hydrated 
% Act. Alum. 
    (γ-Al2O3) 




      2         55        45        0 
     16         35        30       35 
     30         25        20       55 
 
The semi-quantitative XRD analyses presented in Table 5.3 show that the percent 
of activated alumina decreases with increased hydration period (2 weeks, 16 weeks, and 
30 weeks) as it begins to transform to boehmite (γ-AlOOH), and then bayerite (β-
Al(OH)3). Similarly, the SEM images presented in Fig. 5.2 show that the activated 
alumina develops a larger crystal structure with increased hydration period. The SEM 






weight percent of aluminum with increased hydration period, which suggests that the 
mineralogy of the hydrated activated alumina is transforming. 
 
Fig. 5.2. SEM images and weight percent of both oxygen and aluminum of activated alumina samples first 
hydrated in deionized water for (a) 2 weeks, (b) 4 weeks, (c) 8 weeks, and (d) 16 weeks. 
 
3.2. Surface charge of activated alumina with varied hydration period determined by fast 
and slow titration 
 
 The results of acid-base titrations conducted by Craig et al. (2015) showed a pH 
drift during the 5-10 minute stabilization time between titrant additions, indicating that 
equilibrium between solid and solution was not achieved for the grain size 0.5-1.0 mm 
used in the study. In order to consistently take pH readings within the time generally 
recommended for these titrations - for example from 2 minutes (Huang, 1981; Huang and 
Stumm, 1973) to under 20 minutes (Parks and de Bruyn, 1962) - the pH was sometimes 






slow titrations were conducted to observe whether the titration curves would differ. Both 
fast and slow titrations with varied hydration (from 24 hours to 16 weeks) were 
conducted to determine whether the surface charge also changed due to hydration period. 
In conducting the slow titration the pH was left to stabilize overnight before taking a 
reading, and the titration and surface charge results were drastically different from those 
for the fast titration (Fig. 5.3).  




































































































Fig. 5.3. Surface charge vs. pH curves using the generalized two-layer model in for a best fit match with 
experimental data at varied hydration of activated alumina in C m-2 (left y-axis) and µmol H+ m-2 (right y-
axis), (a) fast titration: 24 h, 2 wk, 12 wk, 16 wk hydration, and (b) slow titration: 24 h, 2 wk, 8 wk, 12 wk, 
16 wk prior hydration. The base hydration was for two weeks only. The grain size was 0.5 to 1.0 mm, I = 
0.01 M, and the sorbent-to-solution ratio 6.67 g L-1 for all titrations. The total surface site density for all 
calculations was set at 4.5 sites nm-2, with the acidity constants of the model adjusted for a best fit with 
experimental data. 
 
The 2 week hydration period fast titration data presented in Fig. 5.3a are from 
Craig et al. (2015), with the other data from this study. The surface charge calculated 






titration data (Fig. 5.3b). The curves for the slow titration are also relatively consistent 
regardless of the length of hydration period, with any slight variation in the titration curve 
not correlated to hydration period. The fast titration curves (Fig. 5.3a) are slightly less 
consistent below pH 5, but also do not seem correlated to the length of hydration period. 
Differences among the fast titration curves are probably because the pH values at each 
titrant step were recorded before equilibrium was obtained. 
Table 5.4. Equilibrium constants for fluoride adsorption reactions intrinsic acidity constants using the 
generalized two-layer model. The corresponding fluoride adsorption reactions are: logK1 = reaction (6), 
logK2 = reaction (7), and, log K3 = reaction (8); X = no equilibrium constant; 𝑝𝐾𝑎1
𝑖𝑛𝑡 and 𝑝𝐾𝑎2
𝑖𝑛𝑡  are the 
intrinsic acidity constants corresponding to reactions (4) and (5) respectively. The total surface site density 
was fixed at 4.5 sites nm-2, and the equilibrium constants were adjusted for a best fit curve with 
experimental fluoride adsorption data. The pHPZNPC is determined by adding the intrinsic acidity constants 
and dividing by two. 
Titration LogK1 LogK2 LogK3 𝒑𝑲𝒂𝟏
𝒊𝒏𝒕 𝒑𝑲𝒂𝟐
𝒊𝒏𝒕  𝐩𝐇𝐏𝐙𝐍𝐏𝐂 
Fasta 10.3 2.9 X 5.1 11.1 8.1 
Slow 10.0 2.9 13.9 6.4 9.7 8.1 
aAll values from Craig et al. (2015). 
 
3.3 Modeling surface charge and calculating intrinsic acidity constants using the 
generalized two-layer model in PHREEQC 
 
 The intrinsic acidity constants for the slow titrations were estimated with the 
generalized two-layer model. Using the input parameters presented in section 2.5, the 
𝐾𝑎
𝑖𝑛𝑡 value was attained by manipulating it for a best fit between the model curve and the 
experimental curve (Fig. 5.3b). The modeled results in Fig. 5.3a, which were used to 
determine the intrinsic acidity constants via fast titrations, are from Craig et al. (2015). 
The intrinsic acidity constants are presented in Table 5.4, and they differ notably between 
the fast and slow titrations. Simulations that included dissolved aluminum in solution (1.9 
mmol L-1) did not affect the modeled titration curves, and a lower specific surface area 
(e.g. due to dissolution) resulted in a poorer fit with experimental data. The 𝑝𝐾𝑎1 
𝑖𝑛𝑡 ranged 
from 6.4-6.7, and the single 𝑝𝐾𝑎2 






intrinsic acidity constants that created the best model fit for titration data were 7.2 and 8.9 
for 𝑝𝐾𝑎1 
𝑖𝑛𝑡 and  𝑝𝐾𝑎2 
𝑖𝑛𝑡 respectively, but it was not possible to get a good model fit for both 
the adsorption vs. pH and fluoride loading using these values as input parameters (see 
section 3.4). As a result they were adjusted slightly to 6.4 and 9.7 for 𝑝𝐾𝑎1 
𝑖𝑛𝑡 and  𝑝𝐾𝑎2 
𝑖𝑛𝑡 
respectively. Using the second set of 𝑝𝐾𝑎 
𝑖𝑛𝑡 values and increasing the surface area 
dramatically and or increasing the surface sites also improved the model fit to 
experimental data. 
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Kint: Slow Acid-Base Titration
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Kint: Fast Acid-Base Titration














































Kint: Slow Acid-Base Titration





















































Fig. 5.4. Experimentally determined fluoride (F-) adsorption vs. pH and best fit modeled curves using the 
generalized two-layer model with (a) intrinsic acidity constants from fast titration (Fig. 5.3a) and (b) the 
intrinsic acidity constants from slow titration (Fig. 5.3b).  The equilibrium distribution of F- adsorbed vs. 
remaining in solution and best fit modeled curves using (c) intrinsic acidity constants from fast titration 
(Fig. 5.3a) and (d) the intrinsic acidity constants from slow titration (Fig. 5.3b).  The results are presented 
in mmol L-1(left y-axis) and µmol m-2 (right y-axis). The experimental data are from Craig et al. (2015). 
The ionic strength was 0.01 M NaCl, the grain size was 0.5 to 1.0 mm, and the sorbent-to-solution ratio 









3.4. Modeling fluoride adsorption using the generalized two-layer model in PHREEQC 
 The fluoride adsorption constants were also estimated with the generalized two-
layer model by matching a best fit between the model curve and the experimental curve, 
as shown in Fig. 5.4. The intrinsic acidity constants for the slow titration (Table 5.4) were 
input parameters, along with those listed in sections 2.5 and 2.7. The modeled fluoride 
results in Fig. 5.4a, c which used the fast titration determined intrinsic acidity constants 
as input parameters, are from Craig et al. (2015).  To better constrain the input parameters 
and to test them under varied solution conditions, both the fluoride vs. pH and fluoride 
loading at constant pH were modeled. Similar to the results in Craig et al. (2015), at pH 
below 5 the model curves only fit experimental curves if dissolved alumina was included 
in solution. The same input parameters were used for both sets of curves (e.g. both fast 
titration Fig. 5.4a, c; and both slow titration Fig. 5.4b, d), and the fluoride adsorption 
equilibrium constants (for reactions (6)-(8)) had to fit both sets of experimental curves. A 
good model fit for both the fluoride adsorption vs. pH and fluoride loading could not be 
attained using the best fit set of slow titration 𝑝𝐾𝑎 
𝑖𝑛𝑡 values presented in the previous 
section. However by increasing 𝑝𝐾𝑎2 
𝑖𝑛𝑡, the modeled fluoride adsorption increased at high 
pH which improved the fit to experimental data; and by decreasing 𝑝𝐾𝑎1 
𝑖𝑛𝑡  the modeled 
fluoride loading decreased which also improved the fit to experimental data.  
The equilibrium constants for fluoride adsorption as described by reactions (6)-(8) 
are presented in Table 5.4. Using different sets of intrinsic acidity constants as input 
parameters for determining the fluoride adsorption curves presented in Fig. 5.4 affects the 
adsorption constants (Table 5.4). The fast titration (Fig. 5.4a and c) uses the intrinsic 






uses the intrinsic acidity constants determined in this study. The logK2 values are the 
same for both sets of fluoride adsorption models, and the logK1 values differ just slightly 
(10.3 for the fast titration, and 10.0 for the slow titration). However, to get the best model 
fit for the slow titration, reaction (8) also had to be included which was not needed for the 
fast titrations. Also, for the slow titrations fluoride adsorption onto the surface hydroxyl 
(reaction (7) (S_OHF-)) is the dominant adsorption mechanism, while for the fast 
titrations, ion exchange (reaction (6) (S_F)) dominates at pH below 8, and at low fluoride 
loading. Only at elevated pH and at high fluoride loading does fluoride adsorption onto 
the surface hydroxyl begin to dominate (reaction (7) (S_OHF-)). 
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Fig. 5.5. The equilibrium distribution of fluoride (F-) adsorbed to activated alumina vs. the fluoride 
concentration remaining in solution in mmol L-1 (left y-axis) and µmol m-2 (right y-axis) at (a) varied 
hydration period, and (b) two grain size ranges and two week hydration period. The brown modeled curve 
is included in (a) and (b). The ionic strength was 0.01 M NaCl, the grain size was 0.5 to 1.0 mm, and the 
sorbent-to-solution ratio was 6.67 g L-1.  
 
3.5. Fluoride loading onto activated alumina with varied hydration period, and at two 
grain size ranges 
 
Another and more important concern than hydration-induced changes in surface 
charge is a potential hydration-induced change in fluoride adsorption capacity. The 
curves presented in Fig. 5.5a show no notable difference in fluoride adsorption capacity 
onto activated alumina whether the surface was hydrated for 24 hours or 30 weeks. These 






which show little variation in surface charge for different hydration periods. Additionally, 
when comparing the fluoride adsorption capacity of activated alumina hydrated two 
weeks at grain sizes 0.125-0.250 mm and 0.5-1.0 mm, the adsorption curves are the same 
(Fig. 5.55b). Similarly the specific surface area of seven samples at three grain size 
ranges is 285.2-297.9 m2 g-1 with an average value of 291.1 m2 g-1, median value of 290.2 
m2 g-1 and no trend related to grain size (Table 5.1).  
Finally, when considering activated alumina as a sorbent for use in de-fluoridation 
filters, another public health concern is exposure to dissolved alumina (WHO, 2008). 
Therefore, because of potential risk of exposure to aluminum in the treated drinking 
water, used supernate from fluoride loading experiments with initial fluoride 
concentrations up to 0.79 mmol L-1 (15 mg L-1) was analyzed for dissolved aluminum. 
All results were below the detection limit of 1.67 (10-3) mmols L-1 (0.045 mg L-1). 
3.6. Adsorption of fluoride vs. time at grain sizes 0.125-0.250 mm and 0.5-1.0 mm 
 The overall adsorption of fluoride onto activated alumina does not change notably 
between the two grain size ranges (Fig. 5.5b), but adsorption is much faster when the 
grain size range is decreased from 0.5-1.0 mm to 0.125-0.250 mm (Fig. 5.6). Even 
though the specific surface area, pore area, and pore sizes are nearly the same between 
the two grain size ranges (Table 5.1, 5.2), diffusion within the pore spaces appears to be 
easier and faster at the finer grain size range, resulting in a much faster adsorption. After 
five minutes and at the larger grain size only about 15% of the fluoride is removed from 
solution, while at the finer grain size nearly 60% of fluoride is removed in five minutes 
(Fig. 5.6b). Similarly, 90% of fluoride is removed from solution after 40 minutes at the 















































































y = 0.731t + 21.04
R2 = 0.998









































y = 0.721t + 21.54
R2 = 0.996























Fig. 5.6. The percent fluoride (F-) adsorbed vs. time to activated alumina with 2 week hydration, and at two 
grain size ranges for time in (a) ~48 hours (as minutes), and (b) 60 minutes; and linear regression curves to 
determine the pseudo-second-order rate constant (k1) from the y-intercept in (c) 24 hours (1440 min), and 
(d) 2 hours (120 min). The ionic strength was 0.01 M NaCl, and sorbent-to-solution ratio was 6.67 g L-1.  
 
Table 5.5. The pseudo-second-order rate constants (k2) determined from the y-intercept of the curves, and 
equilibrium adsorption (qe) determined from the slope for two grain sizes, from linear regression curves in 
Fig. 6b (24 h curve) and c (2 h curve). 
  Grain Size  
     (mm)          
          k2  2 h 
(g per mg F- min) 
qe    2 h 
(mg F- per g) 
k2  24 h 
(g per mg F- min) 
qe    24 h 
(mg F- per g) 
   0.125-0.250            0.28 1.41             0.19 1.42 
   0.5-1.0            0.024 1.38 0.025 1.37 
 
Using the experimental data described above, the fluoride adsorption rate was also 
calculated at two grain size ranges. The pseudo-second-order rate constants for the 0.125-
0.250 mm activated alumina is an order of magnitude higher than the 0.5-1.0 mm grain 
size, and the equilibrium concentration (qe) is also slightly higher with the finer grain 
activated alumina, as determined from the y-intercept and slope respectively of the 2 and 







4.1. Changes in physical-chemical characteristics, pH dependent surface charge, and 
fluoride adsorption capacity with varied hydration period 
 
The mineralogy of activated alumina begins to transform to boehmite and then 
bayerite when it is hydrated in deionized water for 2, 4, 8 and 16 weeks (Table 5.3). 
Lefèvre et al. (2002) also observed that the activated alumina transformed to bayerite 
with increased hydration period. However in this current study the surface area (Table 
5.1), did not change notably or with a distinct pattern as a result of hydration period. The 
surface charge of activated alumina also does not change notably when the activated 
alumina is hydrated in deionized water a short period of time or a long period of time 
(Fig. 5.3). The slight variation in proton adsorption observed for the fast titrations at pH 
below 5 is not clear, but it may be due to slight variations in small pore sizes (and 
diffusion) of the different sorbent samples, if they contain large micropores (1-2 nm) and 
or small mesopores. Fluoride adsorption onto activated alumina also does not change 
with hydration period (Fig. 5.5), which is consistent with the above findings on surface 
reactivity vs. prior hydration. 
The results from this current work differ from those presented in Lefèvre et al. 
(2002), which found that the surface charge of activated alumina continually decreased 
when hydrated one day up to 6 months. However, the titration curves presented in 
Lefèvre et al. (2002) only include results between pH 3.7-3.0 which apparently is where 
the curves began to vary, with the loss of reactive surface attributed to the increased 
proportion of a mostly non-reactive phase of bayerite. The results from this study do not 






a minimum pH 4.5 and maximum of 9.5 to minimize aluminum dissolution. It is possible 
that, had the titrations been conducted to pH 3.0 (with an adjustment for aluminum 
dissolution), a similar trend would have occurred. Even so, a decrease in surface 
reactivity, if occurring, may not matter at the pH range of interest for fluoride adsorption 
filters, which is near neutral. This is because, at neutral pH only a portion of the charged 
and hydrated surface is fully protonated resulting in a limited number of surface sites for 
fluoride adsorption or ion exchange. Therefore, whether some of the surface sites become 
unreactive at extreme pH values may be irrelevant at near neutral pH. 
4.2. Comparing generalized two-layer models using fast and slow titration data 
4.2.1. Modeling fast and slow acid-base titrations 
 The intrinsic acidity constants determined via fast vs. flow titration differ notably 
(Table 5.4) because the experimental curves also differ notably (Fig. 5.3). The 
experimental curves underestimate surface charge because the large grain sorbent used in 
Craig et al. (2015) and in this study needed more than 10 minutes to stabilize. Rosenqvist 
et al. (2002) also found that titrations using gibbsite generally needed 8-14 hours to 
equilibrate between each acid or base titration, and these were for sorbent samples with a 
very fine grain size (nanoscale). From the results of thoroughly characterized gibbsite 
samples, Rosenqvist et al. (2002) concluded that both singly and doubly coordinated 
hydroxyl groups on basal planes are involved in surface protonation, with doubly 
coordinated hydroxyl groups requiring longer reaction times. In this work, the large grain 
size seems to be a factor, which is likely linked to diffusion processes into the pore area, 
but may also be linked to number of and access to singly and doubly coordinated 






surface is similar to that of gibbsite. Eng et al. (2000) evaluated the surface structure of α-
Al2O3 (0001) and the modeled results indicate that the hydrated surface of the alumina is 
similar to gibbsite and bayerite basal planes. There are likely similarities between the 
surface properties of the previously described aluminum oxides and the activated alumina 
used in this study – particularly because, in this work, the surface begins to transform to 
boehmite and then bayerite. 
 The results in Fig. 5.6 confirm that time to equilibrium is slow for the grain size 
0.5-1.0 mm. As a result the intrinsic acidity constants determined by modeling a best fit 
to experimental data are not accurate. However, in modeling fluoride adsorption, which 
will be discussed in the next section, getting a good fit to both the adsorption vs. pH and 
the fluoride loading at constant pH using the same set of equilibrium constants for 
reactions (6)-(8), the intrinsic acidity constants (which were input parameters) determined 
via slow titration needed to be adjusted slightly. As discussed in sections 3.3 and 3.4, the 
intrinsic acidity constants that created the best model fit for titration data were 7.2 and 8.9 
for 𝑝𝐾𝑎1 
𝑖𝑛𝑡 and  𝑝𝐾𝑎2 
𝑖𝑛𝑡 respectively, but it was not possible to get a good model fit for both 
the adsorption vs. pH and fluoride loading using these values as input parameters, so they 
were adjusted to 6.5 and 9.7 for 𝑝𝐾𝑎1 
𝑖𝑛𝑡 and  𝑝𝐾𝑎2 
𝑖𝑛𝑡 respectively which improve modeled 
fluoride adsorption at high pH in Fig. 5.4b by increasing adsorption, and improve 
modeled fluoride loading in Fig. 5.4d by lowering adsorption. It was also noted in section 
3.3 that increasing the surface area and or the number of surface sites improve the model 
fit to the slow titration experimental curves (but was not true of the fluoride adsorption 
curves). The required adjustments may indicate that the titration curves from the slow 






titrations themselves resulted in increased surface acidity, or even that some of the 
protonated sites are not easily exchangeable with fluoride.  
The surface charge determined via slow titration is more consistent with the range 
of surface charge determined from previous studies for gibbsite and other oxides, with the 
low range of surface charges apparently due to faster titrations (e.g. Rosenqvist et al. 
2002 and references therein).  The surface charge of a semi-crystalline γ-alumina (Al2O3) 
in Yang et al. (2007), which was produced by heat treating the gibbsite sample at 550 oC 
for 1.5 hours, was closer to that determined via fast titration in Craig et al. (2015), but the 
gibbsite itself was closer to the range of the slow titrations conducted in this work. The 
reaction times for titrations were not provided in Yang et al. (2007).  
4.2.2. Modeling fluoride adsorption using intrinsic acidity constants derived from fast 
and slow titrations 
 
 Fig. 5.4 presents fluoride adsorption vs. pH and fluoride loading at constant pH. 
In determining the fluoride adsorption equilibrium constants for reactions (6)-(8), the 
only input parameters that varied were the intrinsic acidity constants (see Table 5.4). The 
result is notably different curves for the fluoride adsorption reactions. Using slow 
titration data, fluoride reaction (7) (S_OHF-) dominates heavily under all conditions 
except at pH 4.5. Also the fluoride loading curve matches the experimental curve at high 
fluoride loading. It was suggested in Craig at al. (2015) that the poor fit in Fig. 5.4c may 
be due to surface precipitation, but it should also be noted that the best overall fit In Fig. 
5.4d required overestimating fluoride adsorption at low fluoride loading. The flattening 
of the fluoride adsorption curve with loading in this study (Fig. 5.4d) is similar to that in 






fluoride loading, but uncertainty in the models themselves may also influence a poor fit 
to experimental data.  
4.3. Comparing fluoride adsorption capacity and time to equilibrium at two grain sizes   
 The overall fluoride adsorption capacity does not change between the two grain 
size ranges compared here (Fig. 5.5), nor does the surface area (Table 5.1) or possible 
micropore range and volume (Table 5.2). But fluoride adsorption occurs much faster at 
grain sizes 0.125-0.250 mm than at 0.50-1.0 mm (Fig. 5.6) which suggests that, because 
the bulk of the surface area is in the pore space, the smaller grain sizes allow for easier 
and possibly shorter access to the intragranular reactive surface area. And the time 
differences are dramatic - it only takes one hour for the finer grain sorbent to adsorb 90% 
of the fluoride in solution while the larger grain sorbent takes 24 hours (Fig. 5.6). 
Similarly, after five minutes of contact time the finer grain adsorbs nearly 60% while the 
larger grain sorbent adsorbs a little under 15% of fluoride in solution. With regard to 
adsorption filters, the finest grain size possible should be used for fast adsorption, while 
still working within design constraints of the filter type. 
5. Conclusions 
The fluoride adsorption capacity of the activated alumina evaluated in this study 
does not decrease with increased hydration period (at least in the pH range of interest 
down to 4.5), but care are must be taken in conducting potentiometric titrations and allow 
for sufficient equilibration time in order to accurately estimate the pH dependent surface 
charge. Although total fluoride adsorption capacity does not change notably with the two 
grain size ranges evaluated in this study, the adsorption is much faster at a finer grain 






reasonably possible for the filter design. Finally, another practical question that has not 
been addressed in this work regarding the design of a small-scale filter for use in a poor 
rural community, is the longevity of activated alumina as a sorbent when used, 
regenerated, and re-used. Determining the change in adsorption capacity with re-use is 
also recommended in order estimate the long term effectiveness of activated alumina as a 
fluoride sorbent. The described information will be useful in determining the cost vs. 
benefit of small-scale filters with activated alumina as the sorbent. 
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Conclusions and Future Work 
Summary of research 
 The intent of this body of research was to address the ongoing public health 
problem of fluorosis in northern Ghana by taking a systems approach, which included 
combining laboratory and field work. The first goal of the field research was to collect 
baseline hydrogeologic and geochemical data in the study area, with a focus on 
identifying the location of wells and the distribution of variable concentrations of 
groundwater fluoride. The second goal of the field research was to spend extended 
periods of time in the community to in order to better understand the living conditions 
and to establish relationships with community members and government workers. Three 
sets of house-to-house surveys were conducted to estimate household size, identify 
seasonal household water sources (and fluoride exposure from drinking water), document 
the daily diet, and assess the level of understanding of the cause of brown and damaged 
teeth (dental fluorosis). In addition, daily water intake was determined for selected 
participants from age five to 70 years. Field data were used to correlate the distribution of 
dental fluorosis to fluoride concentrations in drinking water; and the water consumption 
data were used to estimate fluoride intake from water, which was then used to 
recommend fluoride limits in drinking water for small children to adults. Laboratory 
experiments were also conducted to investigate the fluoride adsorption capacity of two 
indigenous sorbents, bauxite and laterite, for use in simple, low-cost, small-scale de-






to that of activated alumina, which is established as a good sorbent fluoride removal from 
water (Hao and Huang, 1986; Farrah et al., 1987; Fletcher et al., 2006).  
Addressing fluorosis in the Upper East Region 
 The data show that groundwater fluoride concentrations in the study area of 
Namoo tend to be highest in the vicinity of Bongo granite, which is the source of 
groundwater fluoride, and decrease steadily with distance from Bongo granite. The 
survey data indicate that the highest concentrations of dental fluorosis (including the most 
severe cases) are in households that consume water with average fluoride concentrations 
~3 mg L-1. However, there were also cases of dental fluorosis in households that consume 
water with fluoride well under 1 mg L-1, which is also well below the WHO 
recommended limit of 1.5 mg L-1 (WHO, 2011). Water consumption data show that daily 
water intake is about double that of more temperate climates, which partly explains this 
finding. Individual sensitivity, and unidentified sources of fluoride (e.g. in the diet or 
other water sources) may also contribute to increased number of cases of dental fluorosis 
in communities with low fluoride drinking water. The recommendation is to provide very 
low fluoride drinking water (< 1.0 mg F- L-1) to children under 6-8 years and even lower 
in the first two years. However because finding alternative sources low fluoride water can 
be quite costly, the current limit of 1.5 mg F- L-1 is appropriate for older children and 
adults. The survey results also show that only 24% of households understand the cause of 
dental fluorosis. Therefore, an active and long-term educational program is needed. 
De-fluoridation filters as an option for water treatment 
 Installing small-scale de-fluoridation filters may be an option for providing low 






The results indicate that laterite and bauxite would be needed in large quantities to be 
effective. Decreasing the grain size substantially would improve adsorption capacity, as 
would lowering the pH (<6 for bauxite and <4.5 for laterite). In contrast, activated 
alumina adsorbs fluoride well at the pH of the local groundwater and it has much higher 
surface area so, per unit weight, it is notably better than bauxite and laterite. But it needs 
to be purchased and imported, which increases the cost. Larger-scale water treatment 
would be a more cost-effective option, whatever sorbent is used. It would also allow for 
better quality control and the application of more advanced techniques (e.g. lower pH, 
using a powder grain size, laboratory synthesized or modified sorbents, high pH rinse and 
re-use of sorbent). This would also increase costs and, to be sustainable, the users would 
need to pay a small fee when collecting treated water. 
Alternatives to water treatment 
 In some communities, it may be possible to provide an alternative source of low 
fluoride drinking water. Rainwater catchment systems are one option, although it is 
unlikely that a system set up for a single family would provide enough drinking water for 
the entire year. If maintained properly these systems can provide a very clean source of 
low fluoride water for part of the year. Rainwater catchment systems have been set up in 
some schools in parts of northern Ghana, but to date the results have not been successful 
(Bongo District Assembly personal communication, 2012). It appears that the rainwater 
catchment systems were neglected. Also, as discussed in Chapter 2, it may be possible to 
collect low fluoride water from designated hand-pump wells and pipe it to areas that have 






however. Dilution by mixing high fluoride and low fluoride water is another option for 
increasing the volume of water with fluoride concentrations of 1.5 mg L-1 or lower. 
Future work 
 There are tentative plans to install two activated alumina de-fluoridation filters in 
Namoo under partnership with World Vision (see Fig. 1.3). These filters would be 
attached to the two hand-pump wells in Namoo with groundwater fluoride concentrations 
above 4.0 mg L-1 (in Nayire and Done). According to researchers at World Vision, the 
preliminary results from previous trials using the same filters have not been promising. 
The users found the filters deliver treated water too slowly. They often bypassed the 
treatment option altogether and collected untreated water directly from the hand-pump 
well for drinking and washing. Obstacles such as this would clearly need to be addressed. 
Pretreating larger volumes of water and then storing it in a tank may be more effective, 
for example. Alternatives to water treatment should be considered. A trial using rainwater 
catchment systems is recommended. Discussions with the Bongo District Assembly and 
community members about the above options, as well as piped low fluoride water to high 
fluoride areas, are also recommended.  
Developing an education program in the health clinics and schools is a high 
priority as well; for if the cause of fluorosis is not well understood, then any treatment 
options or recommendations of an alternative water supply will be ignored. What may be 
most important, however, is to address the underlying problem of poverty. If residents 
continue to have limited access to reliable sources of water and food, and lack money to 






issues will never be a priority. The final recommendation for future work is to consider 
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APPENDIX A: Fast titration data & PHREEQC 
See Supplementary Data 
APPENDIX B: Slow titration data & PHREEQC (activated alumina) 
See Supplementary Data 
APPENDIX C: Fluoride loading & PHREEQC 
See Supplementary Data 
APPENDIX D: Fluoride adsorption vs. pH & PHREEQC 
See Supplementary Data 
APPENDIX E: Fluoride adsorption vs. time (activated alumina) 
See Supplementary Data 
APPENDIX F: Micropore size distribution/t-plots 
See Supplementary Data 
APPENDIX G: Groundwater level, well depth, well location 
See Supplementary Data 
APPENDIX H: Climate (T, RH, solar, precipitation, wind) 
See Supplementary Data 
APPENDIX I: Water chemistry 











APPENDIX J: X-ray diffraction 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































00-001-0527 (D) - Kaolinite - Al2Si2O5(OH)4 - Y: 10.83 % - d x by: 1. - WL: 1.5406 - Triclinic - a 5.14000 - b 8.93000 - c 7.37000 - alpha 91.800 - beta 
01-071-5088 (*) - Hematite - Fe2O3 - Y: 22.44 % - d x by: 1. - WL: 1.5406 - Rhombo.H.axes - a 5.03850 - b 5.03850 - c 13.74000 - alpha 90.000 - beta 
01-076-1782 (I) - Gibbsite - Al(OH)3 - Y: 97.08 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 8.64100 - b 5.07040 - c 9.71900 - alpha 90.000 - beta 85.43
Operations: Background 1.000,1.000 | Import
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX K: X-ray fluorescence 
Fig. 1: Bongo granite sample 1, 2, 3 
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